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ABSTRACT

Dolomitization (i.e. replacement of CaCO3 by CaMg(COs3)2) is a major mineralogical replacement process that
affects limestones in numerous carbonate platforms, basins and fold-and-thrust belts worldwide. This phenom-
enon makes an important part of the carbon cycle, and large-scale dolomite geobodies that develop in nature are
prime targets for greenhouse gas storage, or are related to ore deposit bearing rare metals, oil and gas reservoirs
and geothermy. Yet, the conditions favoring dolomitization remain debated, specifically the major and trace
element composition of the reactive aqueous fluid. In this contribution, we quantify the mass transfer between
the original calcite and the newly formed dolomite in various natural cases of dolomitization, by coupling EPMA
and LA-ICP-MS measurements, following a mass balance approach. This approach also allows to estimate the
theoretical composition of an aqueous fluid whose element content would be provided by the reaction (i.e., in
equilibrium with dolomite), as well as the partition coefficient for most elements involved in the reaction. This
approach was tested using three existing datasets obtained from natural dolomite and original limestone in both
Jurassic outcrops of the Layens anticline in the Pyrenees (France), and two from the Middle Devonian Pine Point
Formation from the Presqu’ile barrier (Canada). These are complemented with new data acquired from Creta-
ceous limestones of the Benassal Formation in the Maestrat Basin (Spain). In these areas, dolomitization occurred
at different T conditions (~50 to ~300 °C), from different fluid sources (seawater, basinal brines), and in
different geodynamic settings. Yet, for all the studied examples, the dolomitization reactions result in similar
solid volume variations (—14 to —10 vol%), the fluid in equilibrium with the dolomite have comparable trace
element concentrations, and the partition coefficients calculated for all trace elements are consistent with each
other. In addition to providing information with regards to the composition of the solid and fluid phases involved
in the reaction, these results also suggest similar mechanisms of dolomitization in distinctly different geological
contexts.

1. Introduction

or fluid storage (Kirschner and Barnes, 2009; Thibeau et al., 2013). A
well-known example of fluid-mediated mineral replacement under these

Fluid-mediated mineral replacement, also defined as metasomatism,
is a multiscale process not only altering the mineralogy, but also the
composition and mechanical properties of rocks (Putnis, 2002, 2009). In
diagenetic to low-grade metamorphic conditions (< 300 °C), the con-
sequences of such replacements are numerous, ranging from global
element cycling (Whitaker et al., 2004; Ague and Nicolescu, 2014) to the
accumulation of georessources, the modification of reservoir properties
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conditions is dolomitization, where calcite (CaCOs3) is replaced by
dolomite (Ca,Mg)(CO3), (Warren, 2000; Machel, 2004). Analysis of
natural dolomites using various approaches such as the study of their
trace element or isotopic composition, or of fluid inclusions, have made
it possible to define how an original limestone can become dolomitized
to dolostone in specific geological environment (Davies and Smith,
2006; Al-Helal et al., 2012; Barale et al., 2016; Salardon et al., 2017;
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Koeshidayatullah et al., 2020; Motte et al., 2021). Two cases can be
considered: the first occurs early after limestone deposition, at low
temperature (e.g. Warren, 2000; Machel, 2004). It is favored by the
involvement of Mg-rich waters such as evaporated seawater (e.g. Nader
et al., 2012), by the mixing of seawater and continental water (e.g.
Wilson et al., 1990; Gasparrini et al., 2006; Nader et al., 2012), or by
bacterial activity (e.g. Slaughter and Hill, 1991). The second, occurring
at greater depth during burial, involves the influx of hydrothermal Mg-
rich water mainly through faults and fractures during tectonic defor-
mation (Swennen et al., 2012; Martin-Martin et al., 2015; Mozafari
et al., 2019). The latter presents an important economic interest due to
the common formation of base metal deposits (Pb—Zn) along with
dolomitization (Wallace et al., 1994; Diehl et al., 2010; Gomez-Rivas
et al., 2014; Kelka et al., 2015; Martin-Martin et al., 2015; Kelka et al.,
2017). Numerous experiments and thermodynamic and/or kinetic
modelling have also focused on the conditions favorable to dolomiti-
zation (Bénézeth et al., 2018; Yang et al., 2022). They have shown, in
accordance with field observations, that such replacement is increas-
ingly favored with increasing temperature, and requires Mg-rich
aqueous fluids to be efficient (Jonas et al., 2015; Jonas et al., 2017).
However, several complications arise as to compare experimental results
of solubility products and precipitation / dissolution kinetics with nat-
ural examples. These are due for example to the difference in compo-
sition between natural and experimental aqueous fluids driving
dolomitization, changing the behavior of their interaction with Ca—Mg
carbonates at the crystal scale (Moller and de Lucia, 2020). Such limi-
tations do not allow to solve simple questions such as the precise amount
of water needed, for a given composition, to replace a given volume of
calcite by dolomite.

In this contribution, we propose a simple approach to quantify the
mass transfer associated to dolomitization. It is based on the analysis of
the composition of the initial calcite and newly formed dolomite in
several natural dolomitization replacement fronts, while estimating the
solid volume variation tied to the reaction. The application of mass
transfer calculations, following the approach initially presented by
Gresens (1967), allows the redistribution of the chemical elements
analyzed between the solid phases during the reaction to be determined.
This has led Centrella et al. (2020) to show that dolomitization results in
a net mass loss of ~7 wt%, while Mg is incorporated in the solid
structure of dolomite, and Ca as well as other trace elements are released
out of it (i.e., removed from the system through the fluid phase) (Fig. 1).
Applying mass transfer calculations to three examples of natural dolo-
mitization fronts makes it possible to identify and compare precisely the
types and amounts of elements retrieved or released by the reaction. It
also allows (i) to estimate the theoretical composition of an aqueous
solution whose dissolved elements would only be supplied by the re-
action, which helps (ii) to calculate the minimal volume of water of fixed
Mg concentration necessary for a complete calcite-dolomite

Dolomitization reaction
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Fig. 1. Schematic sketch illustrating the entire replacement of calcite
by dolomite.
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replacement, and (iii) to estimate partition coefficients between dolo-
mite and water, which are still ill-defined for most trace elements.

To test this approach, aiming to improve our knowledge about the
calcite-to-dolomite reaction and which can be applied anywhere where
areaction front is identified, we use published datasets of dolomitization
from the Meillon Formation in the Layens anticline (French Pyrenees,
Centrella et al. (2020)) and the Middle Devonian Pine Point Formation
from the Presqu’ile Barrier (Canada) (Qing and Mountjoy, 1994a,
1994b, 1994c), as well as new data acquired in Cretaceous limestones
and dolostones of the Benassal Formation, in the Maestrat Basin (Spain).
The three regions (from France, Spain, and Canada) describe dolomiti-
zation reactions occurring at different T conditions (~50 to ~300 °C),
from different fluid sources (seawater, basinal brines), and in different
geodynamic contexts.

2. Geological settings of the three study areas
2.1. The Layens anticline, Pyrenees, France

Dolomitization fronts are well preserved in limestones of the Meillon
Formation (Motte, 2020), as part of the Layens anticline, an E-W striking
fold parallel to the Pyrenees and located in the Northern Pyrenean zone
(Labaume and Teixell, 2020) (Fig. 2). These marine, bioclastic lime-
stones developed in a ramp to rimmed shelf setting during Callovian to
Oxfordian times (Motte, 2020), in a stable to slightly extensive tectonic
context (Puigdefabregas and Souquet, 1986). They overlie Upper
Triassic evaporites and marls (Keuper Marls) and Early-Middle Jurassic
interbedded marls and limestones (Aussurucq Limestones), and are
covered by Upper Jurassic argillaceous limestones (Lons Limestones),
followed by reef limestones (Lenoble, 1992). Based on paleofluid char-
acterization, it has been proposed that dolomitization of the Meillon
Formation relates to the flow of hydrothermal magmatic fluids between
~200 and ~ 300 °C (Motte et al., 2021), ascending along faults that
became hypersaline in contact with the Triassic evaporites (Salardon
et al.,, 2017). The dolomitization event was synchronous with rifting
associated to crustal thinning (Salardon et al., 2017; Incerpi et al., 2020)
that affected the area during the Albian-Cenomanian, and which resul-
ted in a geothermal gradient of around ~80 °C/km (Vacherat et al.,
2014). Anticline fold development started during the formation of salt
diapirs at that time, and was amplified during subsequent shortening
and continental collision at the origin of the Pyrenean orogen from the
late Santonian (~80 Ma) culminating in the Middle tertiary (Mouth-
ereau et al., 2014; Teixell et al., 2016; Izquierdo-Llavall et al., 2020;
Labaume and Teixell, 2020).

2.2. The Pine Point Formation from the Presqu’ile barrier, Canada

The regional geology of the Presqu’ile barrier (Fig. 2), a Middle
Devonian carbonate reef complex located in the Western Canada Sedi-
mentary Basin (WCSB), has been extensively described since the early
work of Jackson and Beales (1967). Its development resulted in
restricted seawater circulation in the southern part of the WCSB, where
evaporites and carbonates were deposited, contrasting with the open
marine carbonates and shales deposited north of the barrier (Qing and
Mountjoy, 1994c; Qing, 1998). The barrier comprises the Pine Point and
Sulphur Point Formations, that were deposited above the Keg River
Formation, a regional shallow platform made of dolostones with abun-
dant crinoid and brachiopods fragments. The Pine Point Formation was
originally deposited as marine limestones, but the latter have been
variably dolomitized at around 50 °C by seawater-derived fluids (Qing
and Mountjoy, 1994c; Qing, 1998; Adams et al., 2000). No clear dolo-
mitization front are described in these studies. Gradually to the south,
the Pine Point Formation evolves into evaporitic, fine crystalline dolo-
mite and anhydrite. Early after its development, the Presqu’ile barrier
was exposed, giving rise to the sub-watt Mountain unconformity (Meijer
Drees, 1988). It was then invaded by evaporitic brines followed by
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Fig. 2. Location of two published studies of the Layens region Centrella et al. (2020) (a, b)) and Presqu’ile Barrier region (modified from Qing (1998)). High
resolution two-dimensional scan of a polished slab of limestone and dolostone from the Meillon Formation of the Layens region (c, modified from Centrella et al.
(2020)) and from the Pine Point Formation of the Presqu’ile Barrier (modified from Qing (1998)).

meteoric water (Qing and Mountjoy, 1990). Therefore, diagenetic
sequence of the barreer is as follow. A first event occurring in submarine
environment presents features like syntaxial, microspar and fibrous ce-
ments, and fine crystalline dolomite (Qing and Mountjoy, 1990). A latter
event in subaerial conditions formed minor and localized cements with
minor dissolution and brecciation features (Qing and Mountjoy, 1994b).

The last event at subsurface produced blocky sparry cements of calcite,
compaction and stylolitization, crystalline and saddle dolomites, sul-
phide mineralization, calcite and a late stage of calcite, fluorite, and
pyrobitumen formation (Qing and Mountjoy, 1994a).
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2.3. The Benassal Formation, Maestrat basin, Spain

The Maestrat basin, located to the East of the Iberian peninsula, was
formed as a consequence of a Late Jurassic — Early Cretaceous rifting
cycle (Salas and Casas, 1993; Salas et al., 2001). In its southern part
(Benicassim area), where Paleozoic basement, Permian-Triassic rocks
and the Jurassic-Cretaceous cover are well exposed (Roca and Guimera,
1992), the basin is bounded by two sets of major faults that controlled
the sedimentation and later on, fluid circulation and associated dolo-
mitization along the Benicassim (NNE-SSW trending and ESE dipping)
and the Campello (EW trending, S dipping) faults (Roca and Guimera,
1992; Gomez-Rivas et al., 2012; Martin-Martin et al., 2013). These pre-
rift structures were reactivated as normal faults during the Mesozoic
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rifting, as strike-slip and reverse oblique-slip faults during the Tertiary
inversion that formed the Iberian Chain (Guimera et al., 2004), and
again as normal faults during the Neogene extension that formed the
Valencia Trough and the western Mediterranean basin (Roca and
Guimera, 1992; Gomez-Rivas et al.,, 2012). In the same area, the
Benassal Formation was deposited between the Late Aptian and Early
Albian (Moreno-Bedmar et al., 2010; Martin-Martin et al., 2013; Garcia
et al., 2014). It mostly consists of shallow-marine limestones with rudist
bivalves, corals, algae-rich facies and orbitolinid foraminifera (Tomas
et al., 2007; Bover-Arnal et al., 2009; Martin-Martin et al., 2013). The
succession is characterized by three transgressive-regressive sequences,
and is overlain by the Escucha Formation (Rodriguez-Lopez et al., 2007).
In the Benassal Formation, the largest exposed dolostones are located in
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the hanging walls of the Campello and Benicassim faults (Fig. 3). They
mostly replace the original peloidal packstones to grainstones, and the
bioclastic wackestones to packstones (Martin-Martin et al., 2012; Mar-
tin-Martin et al., 2013). The original depositional facies exerted a strong
control on the lateral fluid flow along the most permeable layers, fa-
voring a stratabound dolostone geometry away from the faults (Martin-
Martin et al., 2013; Corbella et al., 2014). Replacement occurred with
supposedly hydrothermal fluids exceeding 80 °C, and allowing the for-
mation of MVT (Mississippian Valley Type) sulphide mineralization
(Martin-Martin et al., 2013; Martin-Martin et al., 2015). No clear dolo-
mitization front are described in these studies.

3. Material and methods
3.1. Sample collection

A set of 21 samples were collected in limestones and dolostones of
the Benassal Formation of the Maestrat basin. From these, one limestone
and one dolostone sample coming from the vicinity of the Campello
mine were chosen to be analyzed for trace elements (Fig. 3c). One of the
difficulties about the Benassal Formation is the actual preservation of
dolostone because a late dedolomitization event occurs and alter it. We
used the better sample found without any alteration. A detailed petro-
graphic study of the limestone, which was formed almost entirely in
shallow-water marine environment, is provided in Tomas et al. (2007).
The dolostones were studied in detail by Martin-Martin et al. (2010) and
Martin-Martin et al. (2013). For the Layens anticline, trace element data
are taken from Centrella et al. (2020). For the Presqu’ile Barrier, they
come from Qing and Mountjoy (1994c) with compositions of two orig-
inal limestone (PP-2822-239 and PP-2822-246) and one dolostone
(NWT-F51-4964).

3.2. Trace element concentration

For the Benassal Formation samples, two polished blocks of around
8x8x4 mm of limestone and dolostone were prepared to measure the
trace element content (Fig. 3¢). Chemical compositions were measured
with a femtosecond laser ablation system (Lambda3; Nexeya, Bordeaux,
France) coupled to a high resolution ICP-MS Element XR fitted with the
Jet Interface (fsLA/HR-ICP-MS) (Thermo Fisher Scientific, Waltham,
MA, USA). For the limestones, analyses were based on in situ laser
ablation spots (17 pm size), whereas for dolostone they were based on
trace element mapping using successive line rasters (Centrella et al.,
2020). Measurements were performed under dry plasma conditions. The
additional Ar carrier gas flow rate, torch position and power were
adjusted so that the U/Th ratio was close to 1 +/— 0.05 when ablating
the glass SRM NIST612. The reference materials NIST612 and NIST610
were respectively used as primary and secondary calibration standard.
*3Ca was used as internal standard for calcite quantification, and 2°Mg
for dolomite (Jochum et al., 2011). Detector cross-calibration and mass
bias calibration were checked daily using the appropriate sequence of
the Element Software. 2°Mg, **Ca, 5"Fe, **Mn, 31V, %6zn, ®°Rb, %8sr, &y,
139) 5 140Ge 141py 146Ng. 1505In 153, 158Gd 159Tb 163py, 165HO
166Er 169Tm, 172yb, 175Lu, 298pb and 238U were selected in low resolu-
tion mode (R = 300) with a dwell time of 30 ms. Images were built from
the signal resulting from the sample ablation according to a series of
vertically distributed horizontal lines, with a scan speed of 1 mm.s~* and
a sample translation set to 17 pm.s~ ' giving pixels of 17 x 17 pm. He-
lium stream was fixed to 500 mL.min~!. For the Meillon and the
Benassal Formation, phase segmentation was performed by the random
forest algorithm present in XmapTools 4 using trace elements maps. It is
an ensemble learning method for classification constructing a multitude
of decision trees during training. The output of the random forest is the
class selected by most tree, in our case, minerals. For the Meillon For-
mation, local bulk compositions of calcite and dolomite were extracted
from trace element maps after phase segmentation (Centrella et al.,
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2020), as the local bulk composition of dolomite for the Benassal For-
mation. For the Pine Point Formation, samples come from petroleum
drill wells. The rock sample were disolved and measured in an induc-
tively coupled plasma mass spectrometer (ICP-MS) using the method of
standard additions to correct for matrix effects (Qing and Mountjoy,
1994c¢). Unfortunately, this method doesn’t allow us to properly mea-
sure the calcite and the dolomite chemical composition because other
minerals can be present in the sample such as clays.

3.3. Mass balance equation

Mass balance calculations as defined by Gresens (1967) or Grant
(1986) can be used to quantify element mobility during a fluid-mediated
mineral/rock replacement, provided that the density variation and the
volume change between the original mineral or rock and the newly
formed mineral assemblage are known (Ague, 1991; Centrella et al.,
2015, 2016; Centrella et al., 2018; Centrella, 2019). Both calculations
assume that only one fluid is responsible for the reaction, and that its
chemical composition remains constant during the reaction. Since the
study is focused on dolomitization, the same mass balance equation is
used for the three case studies where an original limestone composed by
calcite is replaced by a dolostone composed by dolomite, using the
Gresens equation, which is valid in an open system (Eq. 1):

. dDolomile
fV x ( dCa]cile )
With f, the volume factor corresponding to the variation of the solid
volume during the reaction, dthe phase density (g.cm™>) Cthe element
concentration measured in a given mineral (oxide weight %) and xthe
mass change (in grams). Positive values correspond to a gain of mass (i.
e. elements were brought by the fluid phase) and negative values to a
loss of mass (i.e. elements were released to the fluid phase). For a value
of f, =1, no solid volume change is involved between the reactants and
the products. Values of f, > 1 and f, < 1 correspond to volume increase
or decrease of the solid phase, respectively. The concentration of Ca, Mg,
Fe and Mn in dolomite and calcite were used to calculate the density of
the mineral phases, by assuming that each element concentration
directly relates to the proportion of pure mineralogical end-member in a
mineral that is a linear solid solution between these end-members.
Although there is a difference between assuming that linear mixing on
molar volumes is not the same as density, this approximation yields to a
negligeable difference with thermodynamic computed density (Cen-
trella et al., 2018). For the calcite system, the pure end-members consists
of calcite (Ca, density 2.74 g.cm °), magnesite (Mg, density 2.98 g.
cm’g), siderite (Fe, density 3.87 g.cm’g’) and rhodochrosite (Mn, density
3.70 g.cm_g) (Graf, 1961). For dolomite the end-members consist of
dolomite (Mg, density 2.84 g.cm™>), ankerite (Fe, density 3.15 g.cm ™)
and kutnohorite (Mn, density 3.08 g.cm*S) (Steinfink and Sans, 1959;
Graf, 1961; Reeder and Dollase, 1989). Two ways can be used to
determine f;: the first is by considering either one or several immobile
elements during the reaction, and the second is by minimizing the total
mass transfer associated to the reaction (Hermann et al., 2013). The
latter approach was used in the present study, since it was successfully
applied to dolomitization reactions by Centrella et al. (2020). Minimi-
zation of the mass transfer consists in solving Eq. 1 for each element of
which its concentration was measured, and for considering a range of f,
values. This allows to define the Solid volume variation (%), plotted as
the sum of the mass change x for all elements against the range of f,
values, and which corresponds to the following equation (Eq. 2):

Element Element __
CDo]omnc - CCalulc = XElement 1)

Solid volume variation (%) = (— 1 +£,) x 100 2)

The optimal volume factor f, opt corresponds to the minimum of the
solid volume variation (Centrella et al., 2020). The mass transfer be-
tween the original limestone and the newly formed dolostone is plotted
in an isocon diagram (Grant, 1986, 2005) using the percentage of mass
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change obtained with the Gresens equation and the optimal volume
factor. If considering an error of +5% on the estimate of the optimal
volume factor, the error on the estimate of the element mass change
represents <2% for trace elements and about 9% for major elements (Ca,
Mg, Fe, Mn). These values are negligible with respect to the ranges of
mass change variations observed.

3.4. Amount of fluid and its composition

Various models have been developed to calculate the amount of fluid
required to perform a mineral replacement (Baumgartner and Ferry,
1991; Staude et al., 2009; Weisheit et al., 2013; Gomez-Rivas et al.,
2014). The mass of Mg required to achieve dolomitization is by far the
largest cation so we present such calculations using Mg as a reference
(Gomez-Rivas et al., 2014). Using the result of the mass balance equa-
tion (Eq. 1), one can estimate the amount of fluid required to replace
100 g of original calcite by fixing the Mg concentrations of the input
fluid. Since seawater and basinal brines are commonly involved in
natural dolomitization reactions (Nader et al., 2012; Swennen et al.,
2012; Martin-Martin et al., 2015; Mozafari et al., 2019), calculations
were made with two Mg concentrations, the first being similar to that of
seawater (1.29 g/L or 0.0531 mol/kg; Stumm and Morgan (1981)), and
the second to that of a basinal brine (3.05 g/L or 0.1255 mol/kg;
Kharaka and Thordsen (1992)). Here, we fixed a Mg concentration for
seawater and brine to illustrate the method proposed even though their
composition varies over time (Gabellone and Whitaker, 2016).
Assuming that this Mg content of the dolomitizing fluid is constant
during the reaction (i.e. an infinite supply of reactant), the theoretical
composition of the aqueous fluid whose dissolved content would only
result from the reaction (apart from Mg) can be calculated for all
measured elements other than Mg, using Eq. 3:

X, .
E" X 1000 = G €)

With X, the mass of element provided by the reaction (negative
values in gram), Q the amount of fluid required to replace 100 g of
calcite (in liter), and C3°°" the concentration of an element n in the
fluid (mg/L). This composition can be compared to that of an initial
water with Mg as dissolved species, which would be put in contact with
dolomite until equilibrium is reached. Applying the calculation to the 3
natural cases studied here, it also corresponds to the minimum con-
centration of each element present in the fluid phase after
dolomitization.

3.5. Exchange partition coefficient

The relationship between the distribution of two elements i and j in
the solid and the fluid phase at equilibrium is usually quantified using an
exchange partition (or distribution) coefficient KSj, defined as Banner
and Hanson (1990):

Ky’ = (ci/c)) [ (ci /ci) @

where C and ] are the mass fractions of the elements i and j in the solid,
and C} and G} the mass fractions of the elements i and j in the fluid. This
equation conveniently applies to element substitution in minerals,
where i would be the trace element that substitutes to a major element j
(Banner and Hanson, 1990). Regarding dolomite, both crystallographic
sites containing Ca and Mg can be involved in cation substitution, where
cations smaller than Mg should use the Mg site, and the larger ones
should preferentially substitute for Ca (Kretz, 1982). By studying the
substitution of Ni, Cu, Co, Zn, Hg, Pb, Fe, Mn, Ba and Sr in dolomite,
Kretz (1982) proposed that Ni, Cu, Co, Fe and Mn essentially use the Mg
site, whereas other elements substitute mostly for Ca. For the sake of
simplicity, it is assumed here that all the analyzed trace elements sub-
stitute with Ca. The element exchange partition coefficients can thus be
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expressed as:
El t—Ca __ El t El t
Kpe© = (Coia™ [ Csana) / (Ciiia™ / Crvia) ®

With CESEe and CEHEME™ the concentration or mass fraction of an
element in the solid and in the fluid phase, and C$3q and Cyq the
concentration or mass fraction of Ca in the solid and fluid phase.
Following Eq. 5, element concentrations measured in dolomite and
theoretical element concentrations calculated for the fluid phase after
the reaction (i.e., at equilibrium with dolomite) can be used to calculate
minimum values of exchange partition coefficients for all measured el-
ements that are released by the reaction.

4. Results
4.1. Petrography

The hand specimen of the Meillon Formation (Layens anticline)
displays a dolomitization front characterized by three areas with distinct
crystal sizes or mineralogies (Centrella et al., 2020; Fig. 2a-c): (i) a first
area with small calcite crystals around 100 pm in size, with low porosity
(< 1 vol%), and oxides located along grain boundaries, (ii) a second area
made of dolomite crystals (< 600 pm in size) with a constant and ho-
mogeneous porosity around 2 vol%, and (iii) a third area located be-
tween the previous ones, made of coarse calcite crystals ranging from
200 pm to 1.5 mm in size, and with a porosity lower than 0.5 vol%.
Closer to the dolomite area, calcite grain size decreases and porosity
increases (< 1 vol%). Trace element analyses (fsLa-ICP-MS) were per-
formed on thin sections made across the entire specimen, comprising the
three areas (Centrella et al., 2020).

The limestones of the Pine Point Formation in the Presqu’ile Barrier
are characterized by a brown color and variable amount of crinoids,
stromatoporoids and shell fragments (Qing and Mountjoy, 1994c). All
fossils are embedded in a grainstone, cemented mainly by microspar and
fibrous cements. The dolomite crystals range from 5 to 25 pm in size, are
subhedral to euhedral and present a planar extinction (Fig. 2f and g).
Dolomite samples have low porosity and permeability. The sedimentary
structures and fossils are well preserved (Qing and Mountjoy, 1994c;
Qing, 1998).

The limestone sample from the Benassal Formation in Spain. The
studied sample corresponds to a dark grey bioclastic grainstone (Fig. 3c).
For the dolostone sample, dolomite is present as planar to non-planar
crystals with a cloudy appearance (Fig. 3c). Grain size varies between
50 and 600 pm. Porosity is submillimetric and intercrystalline. For more
details, see the more complete description in Martin-Martin et al.
(2013).

4.2. Trace elements

For the sample from the Meillon Formation (Layens anticline), the
trace element compositions obtained from fsLA-ICP-MS maps are pre-
sented in Table 1. REEs contents are rather similar between the calcite
and the dolomite, but slightly less concentrated in the dolomite. Dolo-
mite stoichiometry is considered as pure dolomite end-member with a
Ca and Mg atomic per formulae unit (apfu) of 1.00 and 0.99 respectively
(Centrella et al., 2020). Similar observations can be made for the REEs of
the Pine Point Formation (Presqu’ile Barrier) obtained by ICP-MS
(Table 2) and for the dolomite stoichiometry with a Ca and Mg apfu of
1.01 and 0.98 respectively (Qing and Mountjoy, 1994c; Qing and
Mountjoy, 1994b). For the new dataset of the Benassal Formation
(Maestrat basin), the systematics in trace elements between the original
limestone and the newly formed dolostone are similar except for Sr and
Zn (Table 3). Representative LA-ICP-MS phase and concentration maps
of the analyzed dolostone sample are presented in Fig. 4. A slight
chemical zonation is present for V but these variations are less important
considering the mass balance calculation. The REE pattern of the
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Average major and trace element composition of calcite and dolomite for the Layens, and calculated element mass changes (X,,), minimum element concentrations in
the fluid in equilibrium with dolomite and Kp. Mass balance calculations suppose a variation of the solid volume of about —11.3% (Centrella et al., 2020). Fluid
compositions were obtained assuming a fluid with a Mg content of 3.05 g/L similar to a basinal brine (Kharaka and Thordsen, 1992), and with a seawater Mg content of
1.29 g/L (Stumm and Morgan, 1981). CO, concentration was obtained by difference between 100 and the sum of all element oxide weight percent, then converted in

element weight percent.

Calcite (wt  Dolomite (wt X, (mass change

e %) in gram) X, (mass Fluid composition in equilibrium with Fluid composition in equilibrium with 8.94  K5e™
- change in %) 3.78 L of brine source (mg/L) L seawater source (mg/L) Ca
Al 0.01 0.00 —0.004 -55 1.138 0.481 0.79
Fe 0.01 0.02 0.007 86 - - -
Mn 0.03 0.03 —0.003 -10 0.824 0.349 9.00
Mg 0.09 12.51 11.532 12,375 - - -
Ca 37.99 20.74 —18.710 —49 4948 2093 -
Na 4.40E-03 7.98E-03 0.003 69 - - -
K 4.38E-03 9.93E-04 —0.003 -79 0.915 0.387 0.79
C 12.72 13.69 0.001 0 - - -
Li 5.30E-05 9.51E-05 3.54E-05 67 - - -
B 3.88E-05 7.00E-05 2.63E-05 68 - - -
Sc 1.32E-05 2.21E-05 7.39E-06 56 - - -
51V 8.15E-05 2.78E-04 1.77E-04 217 - - -
Cr 1.59E-04 3.18E-04 1.36E-04 86 - - -
Ni 1.27E-03 1.28E-03 —7.70E-05 —6 2.04E-02 8.62E-03 15.04
As 1.67E-04 3.13E-05 —1.38E-04 —-83 3.66E-02 1.55E-02 0.20
Ba 9.23E-05 4.60E-05 —4.95E-05 —54 1.31E-02 5.54E-03 0.84
Zn 1.04E-02 1.56E-02 4.04E-03 39 - - -
Rb 1.94E-05 4.49E-06 —1.52E-05 -78 4.02E-03 1.70E-03 0.27
Sr 4.28E-02 1.31E-02 —3.07E-02 -72 8.110 3.430 0.38
Y 7.66E-04 4.78E-04 —3.21E-04 —42 8.49E-02 3.59E-02 1.34
La 4.85E-04 2.20E-04 —2.81E-04 —58 7.42E-02 3.14E-02 0.71
Ce 2.82E-04 1.09E-04 —1.81E-04 —64 4.78E-02 2.02E-02 0.54
Pr 5.53E-05 2.70E-05 —3.02E-05 -55 7.97E-03 3.37E-03 0.81
Nd 2.26E-04 1.14E-04 —1.20E-04 —53 3.18E-02 1.34E-02 0.86
Sm 4.24E-05 2.32E-05 —2.09E-05 —49 5.52E-03 2.34E-03 1.00
Eu 2.33E-05 5.63E-06 —1.80E-05 —-78 4.77E-03 2.02E-03 0.28
Gd 5.81E-05 3.12E-05 —2.91E-05 —50 7.71E-03 3.26E-03 0.97
Tb 7.80E-06 4.71E-06 —3.43E-06 —44 9.06E-04 3.83E-04 1.24
Dy 5.19E-05 3.50E-05 —1.94E-05 -37 5.13E-03 2.17E-03 1.63
Ho 1.19E-05 8.53E-06 —3.93E-06 -33 1.04E-03 4.40E-04 1.96
Er 3.35E-05 2.71E-05 —8.28E-06 -25 2.19E-03 9.26E-04 2.98
Tm 3.71E-06 3.25E-06 —6.89E-07 -19 1.82E-04 7.70E-05 4.26
Yb 2.13E-05 2.23E-05 —6.25E-07 -3 1.65E-04 6.99E-05 32.17
Lu 2.98E-06 3.14E-06 —6.00E-08 -2 1.59E-05 6.71E-06 47.22
Pb 1.28E-04 4.65E-05 —8.45E-05 —66 2.24E-02 9.46E-03 0.50
Th 5.98E-06 8.16E-06 1.60E-06 27 - - -
0) 2.65E-05 1.17E-04 8.27E-05 312 - - -

original limestone presents a slight enrichment in heavy REEs compared
to light REEs (La/Lu = 0.81, Fig. 5). The dolostone has a similar pattern,
but with lower concentration for every REE. In general, dolostone REE
pattern is positive with a general increase in concentration from LREE
(light REE) to HREE (heavy REE). Both samples possess a positive
anomaly in Sm and a negative anomaly in Tb, but the dolostone presents
a positive anomaly in La and a negative anomaly in Ce. As described by
Martin-Martin et al. (2015), dolomite contains some Fe giving dolomite
stoichiometry of Fe (~ 0.04 apfu), Mg (~ 0.93 apfu) and Ca (~ 1.03
apfu).

4.3. Mass balance calculations

Results of mass balance calculations are listed below for the dolo-
mitization reaction of the Meillon Formation, the Pine Point Formation
and the Benassal Formation. Based on Centrella et al. (2020), calcite
density was estimated at 2.71 g.cm™> and dolomite density at 2.84 g.
em ™ for the Meillon Formation. Dolomitization was associated with a
volume change of —11.3 vol% (Fig. 6). The authors also showed that
dolomitization was accompanied by an important element redistribu-
tion between the initial calcite and the resulting dolomite, with gains of
Li, B, Na, Mg, Sc, Ti, V, Cr, Zn, Mn, Th and U, and loss of Ca, Al, K, Mn,
Ni, As, Rb, Sr, Pb, Y and REE, compared to the original limestone
composition (Table 1, Fig. 7a). Overall, mass balance calculations

demonstrate that 100 g of calcite only made ~93 g of dolomite (Eq. 6):

100 g of calcite +0.01 g Fe + 11.53 g Mg+ 0.004 g C + trace elements
= 92.80 g of dolomite +0.002 g Mn + 18.71 g Ca + trace elements (6)

This reaction corresponds to a net mass loss of ~7%, using the
estimated decrease in volume of 11.3 vol%. Assuming a cubic meter of
original limestone, this represents ~190 kg of material to be progres-
sively transported out via the fluid phase as the reaction proceeds,
supporting the establishment of a long-lasting fluid flux (Ague, 1991,
1994; Ferry, 1994; Yardley et al., 2014; Centrella et al., 2015, 2016;
Ague, 2017; Centrella et al., 2018; Centrella, 2019).

For the Pine Point Formation, using the bulk rock composition of the
limestone and dolostone samples with their respective densities of 2.71
and 2.84 g.cm >, the volume change estimated by minimizing the flux of
mass transfer is about —10.5 vol% (Fig. 5). Overall, 100 g of calcite only
made ~94 g of dolomite (net mass loss of ~6%), as shown by Eq. 7 for
sample PP-2822-246 (more details in Table 2 and Fig. 7b and c):

100 g of calcite +0.03 g Fe +0.003 g Mn + 11.84 Mg + trace elements
= 93.43 g dolomite + 18.39 g Ca+ 0.04 g C + trace elements 7
Considering sample PP-2822-239 instead of PP-2822-246 as the

precursor limestone gives similar results except a slight change of the
amount of Fe lost during dolomitization (Fig. 7b).
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Average major and trace element composition of calcite and dolomite for the Presqu’ile Barrier, and calculated element mass changes (X,), minimum element con-
centrations in the fluid in equilibrium with dolomite and Kp. Mass balance calculations suppose a variation of the solid volume of about —10.5%. Fluid compositions
were obtained assuming a fluid with a Mg content of 3.05 g/L similar to a basinal brine (Kharaka and Thordsen, 1992), and with a seawater Mg content of 1.29 g/L
(Stumm and Morgan, 1981). CO, concentration was obtained by difference between 100 and the sum of all element oxide weight percent, then converted in element

weight percent.

Calcite Sample PP-  Dolomite Sample Xn (mass

2822-239 (wt%) NWI-F51-4964 (wt%)  change in Xpn (mass Fluid composition in equilibrium Fluid composition in equilibrium Khlem-
- gram) change in %) with 3.90 L of brine source (mg/L) with 9.22 L seawater source (mg/L) Ca
Fe 0.30 0.14 —0.167 —-56 43 18 0.71
Mn 0.01 0.01 3.88E-04 4 - - -
Mg 0.10 12.69 11.898 11,898 - - -
Ca 38.59 21.54 —18.388 —48 4714 1994 -
C 12.44 13.26 0.002 0 - - -
Sr 1.43E-02 5.70E-03 —9.00E-03 —63 2.31 0.98 0.54
La 1.98E-04 1.79E-04 —3.08E-05 -16 7.89E-03 3.34E-03 4.95
Ce 4.91E-04 1.91E-04 —3.12E-04 —64 8.00E-02 3.38E-02 0.52
Pr 6.35E-05 3.34E-05 —3.22E-05 —51 8.25E-03 3.49E-03 0.89
Nd 2.34E-04 1.36E-04 —1.07E-04 —46 2.74E-02 1.16E-02 1.09
Sm 4.63E-05 2.80E-05 —2.00E-05 —43 5.14E-03 2.17E-03 1.19
Eu 1.08E-05 6.30E-06 —4.89E-06 —45 1.25E-03 5.30E-04 1.10
Gd 4.38E-05 3.90E-05 —7.22E-06 -16 1.85E-03 7.83E-04 4.61
Tb 7.60E-06 5.00E-06 —2.91E-06 —-38 7.46E-04 3.16E-04 1.47
Dy 4.18E-05 3.45E-05 —9.44E-06 -23 2.42E-03 1.02E-03 3.12
Ho 8.20E-06 7.00E-06 —1.63E-06 -20 4.19E-04 1.77E-04 3.66
Er 2.11E-05 2.09E-05 —1.50E-06 -7 3.84E-04 1.62E-04 11.92
Tm 2.90E-06 1.90E-06 —1.12E-06 -39 2.87E-04 1.21E-04 1.45
Yb 2.13E-05 1.68E-05 —5.54E-06 —26 1.42E-03 6.01E-04 2.59
Lu 2.70E-06 1.30E-06 —1.48E-06 —55 3.80E-04 1.61E-04 0.75

Calcite Sample PP- Xn (mass X, (mass Fluid composition in equilibrium Fluid composition in equilibrium KElem-

2822-246 (wt%) change in change in %) with 3.90 L of brine source (mg/L) with 9.22 L seawater source (mg/L) <

gram)

Fe 0.10 3.25E-02 33 - - -
Mn  0.01 3.00E-03 38 - - -
Mg 0.10 11.90 11,898 - - -
Ca 38.59 -18.39 —48 4714 1994
C 12.51 —6.92E-02 -1 17.74 7.50 -
Sr 1.43E-02 —9.00E-03 —63 2.31 0.98 0.54
La 3.73E-04 —2.06E-04 —55 5.27E-02 2.23E-02 0.74
Ce 5.61E-04 —3.83E-04 —68 9.81E-02 4.15E-02 0.43
Pr 8.26E-05 —5.13E-05 —62 1.31E-02 5.56E-03 0.56
Nd 3.41E-04 —2.14E-04 —63 5.48E-02 2.32E-02 0.54
Sm 7.10E-05 —4.47E-05 —63 1.15E-02 4.85E-03 0.53
Eu 1.64E-05 —1.05E-05 —64 2.69E-03 1.14E-03 0.51
Gd 7.17E-05 —3.51E-05 —49 9.00E-03 3.81E-03 0.95
Tb 1.03E-05 —5.61E-06 —54 1.44E-03 6.08E-04 0.76
Dy 6.03E-05 —2.79E-05 —46 7.16E-03 3.03E-03 1.05
Ho 1.25E-05 —5.93E-06 —47 1.52E-03 6.43E-04 1.01
Er 3.07E-05 —1.11E-05 -36 2.84E-03 1.20E-03 1.61
Tm  4.40E-06 —2.62E-06 -59 6.71E-04 2.84E-04 0.62
Yb 2.17E-05 —5.94E-06 -27 1.52E-03 6.44E-04 2.41
Lu 3.00E-06 —1.78E-06 -59 4.56E-04 1.93E-04 0.62

For the Benassal Formation, the average chemical composition of
calcite and dolomite are presented in Table 3. Densities of calcite and
dolomite were estimated at 2.71 and 2.85 g.cm >, respectively, while
volume change was estimated at about —14.4 vol% from the mass bal-
ance calculations (Fig. 5). Overall, 100 g of calcite only made ~91 g of
dolomite, corresponding to a net mass loss of ~9% (Eq. 8, Table 3, and
Fig. 7d):

100 g of calcite +0.69 g Fe + 4 0.002 g Mn + 10.12 g Mg + trace elements

=90.79 g dolomite + 19.99 g Ca+ 0.004 g C trace elements
(€))

4.4. Estimation of the amount and composition of fluid necessary to
dolomitization

As described in the method section, the estimation of the amount of
aqueous solution needed to dolomitize the initial limestone requires to
know the actual mass transfer of elements during the reaction. For the

case of the Meillon Formation, according to the mass balance model,
11.53 g of Mg is required to replace 100 g calcite by dolomite (92.8 g)
(Eq. 5). Considering an initial fluid with a seawater Mg content (1.29 g/
L), this corresponds to 8.94 L /100 g of calcite, which is equivalent to
~242 m® of fluid required for the dolomitization of 1 m® of limestone.
Considering instead an initial fluid with a brine Mg content (3.05 g/L),
3.78 L are required to dolomitize 100 g of calcite, equivalent to ~102 m®
of fluid for 1 m® of limestone. For the both initial Mg concentrations in
the initial fluid, the minimum concentrations present in the fluids after
dolomitization as calculated from the mass balance equations are pre-
sented in Table 1 and plotted in Fig. 8a and c.

For the Pine Point Formation, 11.84 g of Mg is needed to produce
93.43 g of dolomite out of 100 g of calcite (Eq. 6). If the dolomitizing
water has a seawater Mg content, 9.18 L are required for 100 g of calcite,
equivalent to ~249 m® of seawater per m> of original limestone. If the
original fluid has a Mg content of a basinal brine, the volume decreases
to 3.88 L/100 g of calcite, or ~ 105 m® of fluid by m® of original lime-
stone. For the both initial Mg concentrations in the initial fluid, the



S. Centrella et al.

Table 3

Global and Planetary Change 220 (2023) 104016

Average major and trace element composition of calcite and dolomite for the Benassal Formation, and calculated element mass changes (X,), minimum element
concentrations in the fluid in equilibrium with dolomite and Kp. Mass balance calculations suppose a variation of the solid volume of about —14.4%. Fluid compo-
sitions were obtained assuming a fluid with a Mg content of 3.05 g/L similar to a basinal brine (Kharaka and Thordsen, 1992), and with a seawater Mg content of 1.29
g/L (Stumm and Morgan, 1981). CO, concentration was obtained by difference between 100 and the sum of all element oxide weight percent, then converted in

element weight percent.

Calcite (wt  Dolomite (wt X, (mass change

e %) in gram) X, (mass Fluid composition in equilibrium with Fluid composition in equilibrium with 7.84  K5e™

- change in %) 3.32 L of brine source (mg/L) L seawater source (mg/L) Ca
Al - - - - - - -

Fe 0.27 1.08 0.694 255 - - -
Mn 0.01 0.02 0.002 15 - - -
Mg 0.42 11.75 10.117 2384 - - -
Ca 39.28 21.50 —19.989 -51 6026 2549 -
Na - - - - - - -

K _ _ _ _ _ _ _

C 11.99 13.37 —0.004 0 1.082 0.457 -

Li - - - - - -

B _ _ _ _ _ _ _

Sc - - - - - - -
51V 5.34E-04 4.02E-04 —1.74E-04 -33 5.24E-02 2.21E-02 2.15
Cr - - - - - - -

Ni - - - - - - -

As - - - - - - -

Ba - - - - - - -

Zn 6.95E-04 2.46E-03 1.51E-03 218 - - -
Rb 2.30E-04 1.03E-04 —1.38E-04 —60 4.15E-02 1.75E-02 0.70
Sr 3.24E-02 2.56E-03 —3.01E-02 -93 9.076 3.839 0.08
Y 4.18E-04 3.19E-04 —1.31E-04 -31 3.96E-02 1.68E-02 2.26
La 3.73E-04 1.79E-04 —2.13E-04 -57 6.42E-02 2.71E-02 0.78
Ce 5.61E-04 1.91E-04 —3.90E-04 -70 1.18E-01 4.98E-02 0.45
Pr 8.26E-05 3.34E-05 —5.26E-05 —64 1.59E-02 6.71E-03 0.59
Nd 3.41E-04 1.36E-04 —2.19E-04 —64 6.62E-02 2.80E-02 0.58
Sm 7.10E-05 2.80E-05 —4.59E-05 —65 1.38E-02 5.85E-03 0.57
Eu 1.64E-05 6.30E-06 —1.07E-05 —66 3.24E-03 1.37E-03 0.54
Gd 7.17E-05 3.90E-05 —3.67E-05 —51 1.11E-02 4.68E-03 0.99
Tb 1.03E-05 5.00E-06 —5.82E-06 -56 1.75E-03 7.42E-04 0.80
Dy 6.03E-05 3.45E-05 —2.94E-05 -49 8.85E-03 3.74E-03 1.09
Ho 1.25E-05 7.00E-06 —6.22E-06 -50 1.88E-03 7.93E-04 1.05
Er 3.07E-05 2.09E-05 —1.20E-05 -39 3.60E-03 1.52E-03 1.63
Tm 4.40E-06 1.90E-06 —2.70E-06 -61 8.13E-04 3.44E-04 0.66
Yb 2.17E-05 1.68E-05 —6.63E-06 -31 2.00E-03 8.46E-04 2.35
Lu 3.00E-06 1.30E-06 —1.83E-06 —61 5.53E-04 2.34E-04 0.66
Pb 1.05E-03 1.57E-04 —9.14E-04 -87 2.75E-01 1.17E-01 0.16
Th - - - - - - -

0) 1.38E-04 5.30E-05 —9.02E-05 —65 2.72E-02 1.15E-02 0.55

minimum concentrations present in the fluids after dolomitization are
presented in Fig. 8b and c.

Finally, for the Benassal Formation, 10.12 g of Mg is required to
dolomitize 100 g of calcite, which results in 90.79 g of dolomite (Eq. 7).
Using a fluid with a Mg concentration identical to that of seawater, the
volume needed for dolomitization is 7.84 L/100 g of calcite, equivalent
to ~213 m® per m° of original limestone. Considering a basinal brine,
the volume decreases to 3.32 L/100 g of calcite, or ~ 90 m® by m® of
original limestone. The minimum concentrations present in the two
types of fluids after dolomitization are presented in Fig. 8b and c.

4.5. Exchange partition coefficients

For the Layens samples, the exchange partition coefficients calcu-
lated with Eq. 3 range from 0.20 (As) to 47.22 (Lu) (Table 1). For ele-
ments other than the REE, the KREE~C2 values are mostly lower than one,
except for Ni, Mn, and Y. For the rare earth elements, the KRPE=C2 values
strongly increase between the light REE (LREE), where they are lower
than one, and the heavy REE (HREE), where they reach the highest
values. This is more important for the lighter than for the heavier REEs
(Fig. 9).

For the Pine Point Formation, the exchange partition coefficients
slightly differ between the two original limestone samples. For sample
PP-2822-239, the KBEE’C*‘ values range from 0.52 (Ce) to 11.92 (Er).

Elements other than the REE (Fe and Sr) show values lower than one
(0.71 and 0.54, respectively), whereas most REE present coefficients
above unity, without clear trend between the LREE and the HREE (for
sample PP-2822-246, they range from 0.43 (Ce) to 2.41 (Yb) (Table 2).
The KsDr’C*’ value (0.74) is close to the other sample, but most REE have
values lower than 1 or close to unity with a slightly increasing trend
except for the 3 heaviest REE (Fig. 9).

Regarding the Benassal Formation, the exchange partition co-
efficients range from 0.08 (Sr) to 2.35 (Yb) (Table 3). The rare earth
elements present very low K%EE_C" values, from ~0.61 (LREE) to ~1.48
(HREE). As for the Meillon and Pine Point formations, they globally
increase between the LREE and the HREE, with a few exceptions
(Table 3). Considering the REEs for all samples, there is overall a posi-
tive correlation between the K%EE’CZ‘ and the element mass (Fig. 9). The
trend of KREE~C? from heavy to lightest for the Pine Point and for the
Benassal Formation range from 12 to 0.52 and from 2 to 0.45 respec-
tively. Both are less spread than the trend from the Meillon Formation
ranging from 47 to 0.28.
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Fig. 4. LA-ICP-MS maps of dolostone sample (BEN 10) with respective phase map (a) and Mn (b), Sr (c), U (d), V (e), Y (f) composition in dolomite. 36 maps were
generated but for sake of clarity and simplicity, only 5 are presented with Mn, U and V, redox sensitive elements. Petrographic image is presented in Fig. 3c.
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Fig. 5. Spider diagram for limestone and dolostone of the Benassal Formation
normalized to world shale (Piper, 1974).

5. Discussion

5.1. Interest of the mass balance approach for the study of metasomatic
reactions

The approach presented here allows the calculation of mass transfers
associated with metasomatic reactions such as dolomitization. Simple in

10

49
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y 481
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© (Presqu'ile Barrier PP-2822-239, < 50 °C)
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Fig. 6. Sum of gains and losses of elements as a function of the volume change
during the reaction for the dolomitization of the Meillon, Pine Point and
Benassal formations.

its implementation, since it only requires the study of the solid phases
before and after the reaction, it nevertheless combines advanced
analytical techniques such as the analysis of the elemental concentration
of minerals by LA-ICP-MS, and the use of equations widely proven since
the pioneering work of Gresens (1967). We have shown that simple mass
balances can provide fundamental information on the chemical balances
associated with metasomatism. It is important to reminds that calcula-
tions assume that only one fluid controls the reaction, and that its
chemical composition remains constant during the reaction. In other
words, this method can only calculate the composition of last fluid that
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Fig. 7. Isocon diagrams (Grant, 1986, 2005) for the three localities using the data obtained from the Gresens analysis.

reacted with the calcite during dolomitization, so it is not suited to assess
complex diagenetic history. Furthermore, the average major and trace
element chemical composition for of dolomite obtained with EPMA and
LA-ICP-MS without any information about the crystallography (cath-
odoluminescence and X-Ray diffraction) implies that studied dolomites
can be recrystallized. Their chemical composition can represent their
resetting evens more than their original dolomitization event. In addi-
tion to being able to calculate the amount of material that must be
supplied by the fluid phase to allow the reaction to take place, and/or
that must be subtracted at the end of the reaction, it is possible to (i)
calculate the volumes of fluids required for the reaction, (ii) propose a
theoretical composition of a fluid whose composition would be solely
dictated by the reaction, and finally (iii) derive minimum values for
exchange partition coefficients associated with the reaction. As dis-
cussed below, the calculation of the volume of fluid required for the
reaction is carried out on the basis of an element chosen as being fixed
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(Mg for dolomite). In our case, the choice of Mg concentrations com-
parable to seawater or brine is based on the assumed origin of most
dolomitizing fluids in nature. In the case studies presented here,
seawater is implied for the Pine Point Formation (Qing and Mountjoy,
1994c; Qing, 1998; Adams et al., 2000), and brines for the Meillon and
the Benassal Formations ((Martin-Martin et al., 2010; Martin-Martin
et al., 2013; Martin-Martin et al., 2015); Motte, 2020). However, in
general, volume estimates, although inherently uncertain due to the
absence of the fluid at the origin of metasomatism, can provide addi-
tional constraints on the conditions of the mineralogical transformation
considered. Similarly, calculations of the theoretical composition of the
fluid after the reaction give minimum concentration values, i.e. the fluid
that enabled the metasomatic reaction necessarily had values greater
than or equal to those proposed, again on the basis of an element of fixed
initial composition. Finally, the calculations of exchange partition co-
efficients also correspond to minimum values. However, in this last case,
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several observations suggest that in the case of dolomitization the
calculated Kp make sense, and are compatible with a reaction at equi-
librium. First, of the trace elements other that REE that can be compared
between the Meillon and Benassal formations (Rb, Sr, Y), the Kp values
are quite similar, with KR'~% and K5~ of 0.27-0.70 and 1.37-2.27,
respectively, and K3y -2 values of 0.38 for Meillon and 0.08 for Benassal.
These values are also close to the ones obtained by Baker and Burns
(1985) from the analysis of dolomites and associated pore waters
(~0.06), and to the ones obtained experimentally by Jacobson and
Usdowski (1976) (0.048). Second, the decrease in ionic radii from the
LREEs to the HREEs is expected to favor the incorporation of the
heaviest REEs in the dolomite crystal lattice during precipitation (White,
2013). Such a correlation between the ionic radius of the REEs and the
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Kp is generally observed (Figs. 8, 9). Moreover, with the exception of Yb
and Lu from the Meillon Formation, the KR:E~C? do not change signifi-
cantly between the studied sites. In a more general way, the increase in
KBFE~C2 values from the LREEs to the HREE: is logically accompanied by
a decrease in their concentration in the fluid phase (Fig. 8), in agreement
with the known geochemical behavior of REEs (White, 2013). The fact
that KE*E~©2 from Pine Point and the Benassal Formation is less spread
than the Meillon Formation can be due a different fluid source or kinetic
effect. To our knowledge, there is no other elements of which Kp were
successfully obtained experimentally for dolomite, so we cannot discuss
further the validity of the Kp of other element like Fe, Mn or Na.
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5.2. Insights on the dolomitization process

The three studied examples describe dolomitization reactions
occurring at different P-T conditions (~ 50 to ~300 °C), from different
fluid sources (seawater, basinal brine, and water having likely interacted
with evaporites), and in different geodynamic contexts. Despite these
differences, similar patterns of solid volume changes (Fig. 6), major and
trace element concentrations in the fluid phase after dolomitization
(Fig. 8) and Kp, variations (Fig. 9). First, in the three case studies, mass
loss though the fluid phase is very close, ranging from —9 to —6%. As
suggested by Centrella et al. (2020) for the Meillon Formation in the
Layens anticline, and confirmed with the examples of the Pine Point and
the Benassal formations, dolomitization appears to be a loss-of-mass
reaction regardless the T conditions and the fluid sources. These find-
ings strongly suggest similar mechanisms of calcite-to-dolomite
replacement at the sample scale, irrespective of the geologic context.
Using the result of the mass balance equation, it is also possible to es-
timate the amount of fluid required to replace a fixed quantity of original
calcite considering a fixed Mg concentration in the input fluid. For all
three chosen examples, using an Mg concentration similar to seawater,
around ~230 m® of aqueous fluid is required to replace 1 m® of lime-
stone. This reduces to ~100 m® with if a brine source is considered.
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These high volumes can be compared to the magnitude of fluid fluxes
through rocks undergoing metasomatism, which are still under debate
but generally point to important values (Ague, 1994; Ferry, 1994;
Centrella et al., 2015, 2016). Regarding dolomitization, previous work
on the Benassal Formation estimated that the total volume of dolomi-
tized rock in the Benicassim area of 60 km? was on the order of 4.10° m®
(Gomez-Rivas et al., 2014). Using a thermodynamic approach, these
same authors estimated a minimum of 5.10'! m? of aqueous fluid in
order to dolomitize the original limestone. Using our method, we obtain
identical values ranging from ~9.10'! m® for seawater as a source, and
~ 4.10'! m? for brine. Other estimates of the volume of water implied in
massive dolomitization have been proposed in Gregg (1985) in the
Bonneterre Dolomite, Southeastern Missouri. They reach 3.5.10'! m® of
basinal brine for a total volume of dolostone of 1.10° m3, which corre-
sponds to 350 m3/m? of limestone. In Cooper and Tindall (1994), they
reach 230 m® of seawater per m® of limestone for the Tertiary limestones
of central Florida. Overall, these volumes are of the same order of
magnitude as the ones deduced from the mass balance approach. These
results, once again, support the idea that the dolomitization process is
achieved through comparable mechanisms whatever the geologic
context considered. With the growing development of fast concentration
analyses such as the LA-ICP-MS technique, additional dolomitization
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fronts could be easily studied with the mass balance approach, thereby
providing additional results in support of the ones presented here.

6. Conclusions

The proposed method combines in situ analysis to a mass balance
model. Applied to various natural case of dolomitization, it allowed to
(i) calculate the minimal amount of water necessary for complete
calcite-dolomite replacement, (ii) calculate the composition of a fluid
whose dissolved content would be provided by the reaction, and (iii) the
exchange partition coefficient for most element involved in the reaction.
For the three selected sites (Meillon Formation in the Layens anticline,
Pine Point Formation in the Presqu’ile Barrier, and Benassal Formation
in the Maestrat Basin), which are characterized by different conditions
of dolomitization and geodynamic environments, the reaction is clearly
associated with a loss of mass through the fluid phase. Mass balance
calculations suggest that significant amounts of water are required for
dolomitization, reaching ~240 m3/ 1 m3 of limestone considering
seawater as the initial fluid. In addition, consistent exchange partition
coefficients are obtained, with K{f—® in agreement with experimental
data for different temperature and fluid compositions. As a general
concept of fluid mediated mineral replacement, the proposed approach
is applicable not only to dolomitization, but to other mineralogical
replacement reactions such as olivine serpentinization, for which much
more experimental data on trace element behavior are already available.
This specific reaction has effects on petrophysical and geochemical
processes in the lithosphere because it induces fracturing and generates
fluid pathways to hydrate original impermeable rocks. The mechanism
linking fracture propagation (i.e. a positive solid volume variation) to
reaction and associated mass transfer, is still not fully understood.
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