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Abstract

Rodingite is a Ca-rich and Si-poor metasomatic rock commonly occurring in association with
serpentinites. This rock is characterized by specific mineral assemblages consisting of hydrated garnet,
diopside, vesuvianite, epidote-zoisite, chlorite, or prehnite. However, natural rodingites are
significantly heterogeneous in mineral composition and vesuvianite occurs only in some extensively
rodingitized rocks. Major factors controlling the mineral diversity as well as details on fluid-rock
interactions leading to the evolution of mineral and chemical composition during rodingitization have
not yet been fully constrained. In this work, we use PHREEQC software to present a geochemical model
for the transformation of a mafic rock into vesuvianite-bearing rodingite at a temperature of 300°C.
Through these simulations, we investigate the effect of fluid composition and progress of the
metasomatic process on rodingite formation. Our results show that rodingitization requires an open
system with a high input of hydrothermal fluid. Additionally, a decrease in the Si/Ca ratio in the
metasomatized rock is correlated to an increase in the volume of incoming fluid. Whole rock chemical
and mineral composition in natural rodingites are well reproduced by the model. Furthermore, the
diversity of mineral parageneses results mainly from different degrees of transformation and only to
a lesser extent to the chemical composition of hydrothermal fluid or protolith. The hydrothermal fluid
doesn't need to be especially rich in calcium to transform a mafic rock into rodingite, but it must be
low in magnesium, silicon, and have a high pH, which is naturally controlled by serpentinization of
surrounding ultramafic rocks.

1 Introduction

Serpentinized ultramafic lithologies frequently contain bodies of a heterogeneous pale rock known as
rodingite. Rodingite is a Ca-rich and Si-poor metasomatic rock typically consisting of hydrated garnet,
diopside, chlorite, vesuvianite, epidote-zoisite, and prehnite (Coleman, 1967; Schandl et al., 1989; Li
et al., 2004). Rodingites are most commonly interpreted to form by hydrothermal alteration of a
gabbroic rock during concurrent serpentinization of surrounding ultramafic lithology (e.g. Li et al.,
2004, 2017; Karkalis et al., 2022; Duan et al., 2022; Zhao et al., 2023; Xiong et al., 2024). The
rodingitization process is characterized by significant changes in whole rock composition, namely Ca-
enrichment and Si, Na and K leaching from the mafic protolith (Li et al., 2007, 2017; Koutsovitis et al.,
2013; Tang et al., 2018; Laborda-Lépez et al., 2020).

Rodingite mineral composition is generally very heterogeneous, even at a sample scale. Petrographic
observations commonly allow the identification of paragenesis evolution during rodingitization,
leading to systematic differences between the mineral composition of slightly rodingitized and
extensively rodingitized samples. A lesser extent of metasomatic transformation is typically
characterized by presence of prehnite, chlorite, epidote-clinozoisite, albite or tremolite (Schandl et
al., 1989; Attoh et al., 2006; Li et al., 2017; Wang et al., 2019; Duan et al., 2021, 2022). In contrast,



extensively rodingitized rocks consist predominantly of hydrated garnet, diopside and vesuvianite (Li
et al., 2004, 2007, 2008, 2017; Zanoni et al., 2016; Duan et al., 2022; Butek et al., 2022).

Rodingite can form under variable P-T conditions. Fluid inclusion studies indicate that the
rodingitization process occurs at temperatures ranging from 250 to 400°C and pressures from 100 to
400 MPa (Schandl et al., 1989; Mittwede and Schandl|, 1992; Dubinska et al., 2004; Normand and
Williams-Jones, 2007), which presumably represent the most common conditions of rodingite
formation (e.g. Koutsovitis et al., 2013). Rodingites occur on present-day ocean floor (Honnorez and
Kirst, 1975; Frost et al., 2008) but are most commonly described from ophiolitic serpentinite
occurrences around the world. However, the specific rodingite parageneses remain stable over a large
range of pressures and temperatures, eventually recrystallizing at high P-T conditions to form
“metarodingites” (Li et al., 2007, 2008; Zanoni et al., 2016; Laborda-Ldpez et al., 2018; Haws et al.,
2021). Therefore, the possibility of rodingite formation at high pressure and temperature in
subduction zone environments must be considered and the interpretation of the geodynamic setting
of rodingite formation is thus still a subject of discussion (Ferrando et al., 2010; Hu and Santosh, 2018;
Wang et al., 2019; Butek et al., 2023).

One of the first systematic investigation of the thermodynamic stability of rodingite parageneses was
conducted by Rice (1983). Later, Palandri and Reed (2004) presented a comprehensive geochemical
modeling study focusing on serpentinization, which included also some calculations to simulate the
rodingitization process. Through the incremental dissolution of a gabbroic rock in a fixed amount of
fluid obtained from equilibration with serpentinite, they successfully predicted the formation of
minerals such as chlorite, vesuvianite, prehnite, diopside and garnet. They concluded that the
rodingitization process is a result of Ca metasomatism driven by reducing, hyperalkaline, Ca-rich fluid
produced during serpentinization. Other geochemical modeling studies investigating the
rodingitization process in detail were also able to reproduce the rodingite paragenesis and pointed
out the importance of silica leaching during the formation of rodingites (Frost and Beard, 2007; Frost
et al., 2008; Bach and Klein, 2009; Bach et al., 2013). However, none of these models (Frost and Beard,
2007; Frost et al., 2008; Bach and Klein, 2009; Bach et al., 2013) included vesuvianite, despite the fact
that this mineral represents a characteristic mineral phase of rodingite paragenesis abundant in
extensively rodingitized rocks with whole rock composition significantly different from their mafic
protolith (Li et al., 2004, 2007, 2008, 2017; Zanoni et al., 2016; Duan et al., 2022; Butek et al., 2022).

Recently, numerous successful attempts to determine P-T-x conditions of rodingite formation have
been performed using thermodynamic modeling softwares such as Perple_X or Thermocalc (Li et al.,
2008; Zanoni et al., 2016; Laborda-Lépez et al., 2018; Duan et al., 2021, 2022). However, these
softwares focus on reliably identifying thermodynamically stable phases at defined P-T-x conditions,
but their capacity to specify the composition of hydrothermal fluid in equilibrium with solid
component(s) remains limited.

In this work, for the first time to our knowledge, we explore the process of rodingitization using the
geochemical thermodynamic modeling software PHREEQC (Parkhurst and Appelo, 2013). We aim to
constrain the physicochemical conditions driving the transformation of a gabbroic protolith into
rodingite and to explain the diversity of secondary minerals, more specifically the presence of
vesuvianite, in the extensively rodingitized rocks. Five factors should be considered that possibly
influence the stability of vesuvianite and therefore the conditions leading to the formation of
vesuvianite-bearing rodingites: 1) initial rock composition, 2) initial fluid composition, 3) fluid amount
in the system (or fluid-rock ratio), 4) temperature, and 5) pressure. Since gabbro represents the most
common protolith of rodingites (1) and the rodingitization process occurs typically at (sub)greenschist-



facies conditions (4, 5), we focus our study on the effects of the chemical composition of the
interacting fluid (2) and its amount in the hydrothermal system (3).

2 Methodology

2.1 Outline of the PHREEQC geochemical model

A series of calculations was performed to determine the conditions of fluid-rock interaction yielding
the whole rock chemistry and mineralogical assemblages typical for rodingites using PHREEQC
software 3.1.2 (Parkhurst and Appelo, 2013). The calculations were performed using PHREEQC's
implementations of an extended Debye-Hiickel “B-dot” equation to compute solute activities
coefficients (Helgeson, 1969; Anderson, 2005), and as a Peng-Robinson equation to compute the gas
fugacity coefficients (Peng and Robinson, 1976). Fluid-rock compositions were computed iteratively
using a Newton-Raphson algorithm until all species present as solid and gases were supersaturated
with respect to the speciated solution. Temperatures and pressures remained fixed throughout every
calculation, but pH and redox (set as the electron potential pe = —loga,- where a,- is the electron
activity) were allowed to vary.

The thermodynamic database used in the calculations was issued from SupPhreeqc program (Zhang
et al., 2020) converting the classic thermodynamic dataset from SUPCRTBL (Zimmer et al., 2016) into
a format readable by PHREEQC. The database works reliably up to 300°C and calculates the pressure
according to the H,0 saturation curve, i.e. around 8.584 MPa at 300°C. The coherence of the
calculations for reactions and gases behaviours at 300°C has been verified by the authors of the
PHREEQC code (Appelo et al., 2014).

The fluid-rock interaction was modeled in a system Na-K-Ca-Fe-Mg-Al-Si-H-O-C-S-Cl. Other elements
were not considered since they are not present in hydrothermal fluid in significant amounts, or they
do not represent a key compound of rock-forming minerals of interest. Since there is no
thermodynamic data available for vesuvianite solid solution or hydrated component in garnet, for
consistency we considered all minerals as pure phases and no solid solution models were included in
the model. We emphasize that the formula of vesuvianite implemented in the database
(Ca19Mg2Al11Si1s075Hg) does not include iron or other minor element, despite the fact that natural
vesuvianite can incorporate significant amounts of various elements such as Ti, Mn, Cr, B or even Cu
(Groat et al., 1992; Aksenov et al., 2016). Indeed, the absence of solid solutions could have a
considerable effect on any divergence between natural and calculated systems.

A mineral phase named MHSH (magnesium-hydroxide-sulphate-hydrate) is missing in the
thermodynamic database but it represents an important mineral precipitating from seawater fluid in
ocean floor environments as demonstrated by experimental studies (Janecky and Seyfried, 1983). We
thus incorporated the values for the hydrolysis constant (K) into the PHREEQC calculation script to
complement the thermodynamic dataset. The hydrolysis constant for the MHSH is defined by the

reaction Mgi1250sSH1s + 0.5 H* = 1.25 Mg?* + SO4* + H,0 and can be expressed by the equation:
a11\42952+ X aSOZ— X aHZO
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where a is the activity of corresponding component expressed in mol/kgw. Values for molal Gibbs free
energy for the components were taken from SUPCRTBL (Zimmer et al.,, 2016). The effect of
temperature on the hydrolysis constant was calculated on the water saturation curve by linear
regression of values measured by Janecky and Seyfried (1983) and is expressed by the polynomial
coefficients in the following equation:



log K(T) = —386.007 — 0.109 T + 15288.907 T~ + 150.598 log (T)

where T is the temperature expressed in kelvin.

2.2 Calculation setup

In the calculations, the initial rock was put in contact with the solution. If the solution was
undersaturated, primary phases dissolved to reach chemical equilibrium. The chemical equilibrium is
defined by the saturation index of zero and can be expressed by the equation:

log 0

K(T)
with Q the ionic product and K(T) the equilibrium constant as function of temperature. If the solution
was oversaturated with respect to a secondary mineral, i.e. its saturation index reached a positive
value, it precipitated to maintain the chemical equilibrium. This dissolution-precipitation process
allows to calculate a mass-balance for each element. Kinetic limitations were not considered so that
all thermodynamically stable mineral phases were allowed to precipitate. In every calculation, we thus
investigated only the final state (i.e. complete transformation) resulting from the chemical
equilibrium.

Temperature was invariably set to 300°C. Pressure was computed in the models according to the H,0O
saturation curve and it is of note that the resulting values (8.584 MPa for 300°C) are low compared to
natural hydrothermal systems. However, previous works have shown that changes in pressure do not
drastically affect the mineral assemblage stability in rodingite (Li et al., 2008; Duan et al., 2022) and
pressure can be thus regarded as a minor parameter. The initial rock was a gabbro, with a composition
taken as an average from Macleod et al. (2017), Fe-Ti gabbros excluded, of 51.97 SiO,, 16.58 Al,Os3,
12.84 Ca0, 9.14 MgO, 6.38 FeO, 3.03 Na,O and 0.06 K,0 (values in wt.%). The amount of solid phase
was fixed at 1 kg while the amount of fluid varied between 10 and 1000 kg, i.e. the investigated range
of fluid-rock ratio varied from 10 to 1000 (Fig. 1). By contrast, earlier fluid-rock interaction modeling
studies (Palandri and Reed, 2004; Bach and Klein, 2009) considered a fixed amount of fluid and
incremental addition of a rock amount. Our approach aimed to ease the evaluation of mineral and
chemical changes in the rock since its amount remained constant in every calculation. Moreover, even
though the increasing fluid amount can be seen as increasing fluid-rock ratio, we prefer to avoid using
this expression. The concept of fluid-rock (or water-rock) ratio is commonly used in studies dedicated
to fluid-rock interactions; however, its meaning is often ambiguous. In our case, the increasing amount
of fluid in the system simply corresponds to an increase of the progress of transformation and can be
thus correlated with reaction progress. In this sense, low fluid amount represents an onset of the
metasomatic transformation and, on the other hand, very high fluid amounts represent an open
hydrothermal system where an extremely high volume of fluid circulates during the metasomatic
process. Such high fluid amounts thus represent an infinite-acting reservoir with a fluid of stable
composition.
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Figure 1 Simple sketch illustrating the calculation setup. Hydrothermal fluids of different composition were set to
react with a gabbro at 300°C. Please see the main text for the details on the fluid compositions used for the model
calculations. Variable fluid-rock ratios were secured by increasing the amount of hydrothermal fluid, i.e. the mass
amount of rock was constant (1 kg) while the mass amount of fluid varied between 10 and 1000 kg.
Thermodynamic equilibrium was reached in the system by precipitating secondary mineral phases.



2.3 Initial fluid compositions
Several fluid types (Tab 1) were considered in the calculations to test the influence of different
chemical compositions on predicted mineral assemblages.

Model A simulates alteration with pure water.

Model B simulates alteration with an average seawater. The composition was taken from Nordstrom
et al. (1979) and was simplified by removing minor and trace elements.

Model C simulates alteration with an evolved hydrothermal oceanic fluid, such as sampled at the
Logatchev vent site (Charlou et al., 2002). The site is located at the Atlantic mid-ocean ridge
(14°45'07.2"N 44°58'42.6"W) and its environment is dominated by ultramafic rock sequences. The
fluid composition was measured directly at the vent opening and is thus considered a natural
representative of fluids related to the serpentinization and rodingitization processes. This fluid is
characterized by low pH (3.3) and is devoid of Mg and S. Compared to the seawater composition, it is
about 3 times richer in Ca and more than 2 times richer in K. It is worth noting that the presence of H,
(12 mmol/kg) and reduction conditions expressed with pe = -3.9. The concentration of Si (8.2
mmol/kg) is significantly higher than that in the seawater.

Model D simulates alteration with a fluid in equilibrium with serpentinite resulting from an experiment
performed by Klein et al. (2015) during which a harzburgite sample was set to react with a
hydrothermal fluid. The initial fluid used in the experiment represented a theoretical evolved seawater
enriched in Ca and K (2-3 times) and completely devoid of Mg and S. The fluid composition was
inspired by general knowledge that descending seawater leaches Ca and K from ocean floor basalts,
and as a result of increasing temperature, secondary magnesium hydroxide sulphates (MHSH) and
anhydrite precipitate and effectively remove Mg and S from the fluid (Mottl, 1983; Alt, 1995). After
the reaction with harzburgite, the fluid’s pH increased to 9 and was also characterized by a significant
concentration of H, (7.7 mmol/kg). This is in good agreement with the high reducing potential
commonly reported in serpentinization fluids (e.g. Barnes et al., 1978; Kelley et al., 2001).

Table 1 Fluid compositions investigated in the models. A) pure water. B) average seawater (Nordstrom et al.,
1979). C) evolved seawater composition measured in a vent at Logatchev (Charlou et al, 2002). D) experimental
serpentinization fluid (Klein et al., 2015). E) experimental serpentinization fluid (Seyfried et al.,2007). Element
concentrations are in mmol/kg.

A |B C D E
pH 7 |8.22 3.3 9 12.2
pe 4 |8.451 3.9 9.5 -13
Ca - |10.66 27.3 27.6 8

Mg - |55.09 - 0.06 -

Na - |485.44 430 454.5 593

K - 110.58 21.9 34.5 14

Fe - |0.00004 2.5 - -

Si - |0.074 8.2 0.05 0.286
cl - |565.76 515 - 597
cl* - |566.6 512.1 544.3 584.7
H(0) - - 24 15.4 153.4
5(6) - 129.26 - - 5.3
C(4) - 217 10.1 - -

* adjusted to charge balance the solution




Model E is similar to model D in the fact that the experimental solution reflects a composition
measured after a serpentinization experiment (Seyfried et al., 2007). A seawater composition was
used as the initial fluid for the experiment. The resulting serpentinization fluid is characterized by high
pH (12.2) and very high concentration of dissolved H, (76.7 mmol/kg). Furthermore, Mg is completely
removed from the fluid and SO4> is significantly depleted relative to the seawater composition. These
values are also in good agreement with fluid compositions from ultramafic system—hosted
hydrothermal vents measured in situ (e.g. Seyfried et al., 2015).

3 Results

3.1 Effect of the fluid amount on the mineral assemblage
The mineralogy resulting from fluid rock interaction is presented here for two values of fluid amount
for each model: 1) 10 kg, simulating the first stage of metasomatic transformation), and 2) 1000 kg,
simulating the final stage induced by extremely high amount of fluid.

At a low fluid amount (10 kg), the interaction of gabbro with pure water (model A) leads to a secondary
assemblage consisting of albite (26.9 %), prehnite (21.2 %), tremolite (15.6 %), clinochlore (14.4 %),
hedenbergite (4.1 %), daphnite (3 %) and stilpnomelane (2.9 %) (Fig. 2a). The interaction with seawater
(model B) predicts epidote (32.6 %), clinochlore (23.9 %), tremolite (10.8 %), quartz (10.8 %), albite
(10.5 %), wairakite (9.2 %) and anhydrite (2.1 %). A trace amount of pyrite (0.25 %) is also predicted
but is not visible in the figure. In the model C using the natural hydrothermal fluid, the secondary
assemblage consists of prehnite (35.2 %), tremolite (18.6 %), stilpnomelane (18.2 %), clinochlore (10.5
%), albite (10 %) and wairakite (7.4 %). The same phases (with slightly different proportions: 37.5 %,
18.3 %, 18 %, 11.1 %, 11.8 % and 3.3 %, respectively) are also predicted from the interaction with the
first experimental serpentinization fluid (model D). The interaction of gabbro with the second
experimental serpentinization fluid (model E) leads to a secondary assemblage consisting of albite
(33.8 %), clinochlore (25.1 %), hedenbergite (16.9 %), prehnite (15.3 %), vesuvianite (8.4 %) and
diopside (0.5 %). A trace amount of troilite (0.07 %) is also predicted but is not visible in the figure. We
note that the only case where vesuvianite is predicted at low fluid amount is in model E (Fig. 2a).

On the other hand, at a high fluid amount (1000 kg), the interaction of gabbro with pure water (model
A) leads to a secondary assemblage consisting of epidote (51.8 %), clinochlore (38.7 %) and vesuvianite
(9.5 %) (Fig. 2b). A trace amount of clinozoisite (0.01 %) is also predicted but is not visible in the figure.
The interaction with seawater (model B) predicts anhydrite (54.6 %), clinochlore (33.3 %), magnesium-
hydroxide-sulphate-hydrate (10.4 %) and minor amounts of hematite (1.1 %) and talc (0.6 %). In model
C, the secondary assemblage consists of daphnite (40.5 %), clinochlore (25.5 %), wairakite (16.9 %),
quartz (9.8 %) and chloritoid (7.3 %). In the case of the experimental serpentinization fluid (model D),
predicted phases are represented by epidote (47.7 %), clinochlore (35.8 %), vesuvianite (15.4 %) and
clinozoisite (1.2 %). Finally, the interaction of gabbro with the second experimental serpentinization
fluid (model E) leads to a secondary assemblage consisting of vesuvianite (56.1 %), monticellite (20.4
%), andradite (14 %) and wollastonite (9.3 %). A trace amount of rankinite (0.16 %) is also predicted
but is not visible in the figure. At high fluid amount, vesuvianite is predicted in three of these models
(compared to only one at low fluid amount) and on top of that, vesuvianite is the most dominant
phase in the predicted assemblage in model E (Fig. 2b). Presence of vesuvianite in the calculated
mineralogy is thus clearly favoured by high amount of fluid in the system.
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Figure 2 Modal composition predicted from alteration of gabbro (1 kg) at 300°C depending on fluid amount and
fluid composition: a) low fluid amount (10 kg) b) high fluid amount (1000 kg). Capital letters denote different
fluid compositions as presented in Table 1. Modal proportions of minerals were calculated from molal amounts
based on average density for each mineral published at www.webmineral.com (densities are available in Table
SX). Ab: albite, Adr: andradite, Anh: anhydrite, Clc: clinochlore, Cld: chloritoid, Czo: clinozoisite, Di: diopside, Dph:
daphnite, Ep: epidote, Hd: hedenbergite, Hem: hematite, MHSH: magnesium-hydroxide-sulphate-hydrate, Mtc:
monticellite, Prh: prehnite, Qz: quartz, Stp: stilpnomelane, Tic: talc, Tr: tremolite, Ves: vesuvianite, Wo:
wollastonite, Wrk: wairakite.

3.2 Acloser look on the model E (Seyfried’s solution)

Model E, which uses the experimental serpentinization fluid composition from Seyfried et al. (2007),
predicts the highest content of the mineral phase of interest, i.e. vesuvianite, as shown in the previous
section. Figure 3 shows the evolution of mineralogy as a function of the fluid amount over the whole
range 10— 1000 kg. Phases predicted at low fluid amount (hedenbergite, prehnite) disappear gradually
with increasing fluid amount and are missing in the system above 50 kg of fluid. Similarly, the amount
of albite decreases and reaches zero at fluid amount around 300 kg. At a medium fluid amount (50 —
500 kg), the assemblage is characterized by presence of Na, K-bearing phases such as phlogopite and
annite. The content of diopside increases progressively and is only replaced by wollastonite and
monticellite at high fluid amount around 700 kg. Interestingly, clinochlore is predicted at a low fluid
amount (< 100 kg) and a high fluid amount (> 500 kg) but it is lacking in the medium interval. Andradite
is present in the system at fluid amount above 300 kg. The content of vesuvianite increases
progressively with increasing fluid amount. Overall, mineralogy evolves from a typical prehnite-
pumpellyite facies assemblage (prehnite, albite, chlorite) at a low fluid amount (< 300 kg) to a
rodingitic assemblage (andradite, vesuvianite, diopside) for a higher fluid amount (> 300 kg).
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Figure 3 Calculated mineral composition depending on fluid amount from the reaction of gabbro with the
Seyfried’s solution (model E) at 300°C. Ab: albite, Adr: andradite, Ann: annite, Clc: clinochlore, Di: diopside, Hd:
hedenbergite, Mtc: monticellite, Phl: Na-phlogopite, Prh: prehnite, Ves: vesuvianite, Wo: wollastonite.

Changes in the whole rock chemistry of the altered rock have been quantified and are presented in
figure 4. The amount of mobile elements such as Na and K mirrors the presence of phlogopite and
annite in the predicted mineralogy (Fig. 3), i.e. these elements are progressively leached out
completely from the solid phase as micas are dissolved in the fluid. Si and Al amounts decrease at a
medium fluid amount (300 — 500 kg) to 83 and 70 %, respectively, of their initial content. This is
explained by the disappearance of albite and the appearance of diopside (Fig 3). At a high fluid amount
(800 — 1000 kg), interestingly, the absolute amount of Si and Al increase again and reach up to values
approaching their initial amounts (103 and 92 %, respectively) as large amounts of wollastonite and
monticellite precipitates. The amounts of Mg and Fe remain unchanged in the system (Fig 4). It is
important to note, however, that none of these elements is present in the initial fluid, therefore, no
enrichment is possible considering these elements. The most interesting feature of the chemical
evolution is the continuous enrichment in Ca, which reaches progressively up to 400 % at a very high
fluid amount (1000 kg). Ca enrichment is reflected by the precipitation of diopside, andradite,
monticellite and wollastonite. This significant Ca fixation also dominantly contributes to an overall
increase in total mass of the modeled rock, from 1000 to 1369 grams (Fig. 4). It is interesting to note
that the calculated whole rock compositions (Table 2, Fig. 5) show a significant and progressive
decrease in SiO; content (51.97 down to 38.77 wt.%) while the CaO content increases from 12.84 up
to 37.32 %. As a result of Ca fixation (Fig. 4), the relative contents of other components (Al.Os, FeO,
MgO, Na,0, H,0) are generally decreasing with increasing amount of fluid in the system (Table 2, Fig.
5).
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Figure 4 Element amounts in the modeled solid phase depending on fluid amount from the reaction of 1 kg of
gabbro with the Seyfried’s solution (model E) at 300°C. Values were manually quantified from mineral amounts
(and their respective compositions) calculated in the model. Note the progressive and significant Ca-enrichment
with increasing fluid amount in the system. Ca-enrichment is also responsible for the increase of total mass of

the solid phase.

Table 2 Recalculated whole rock composition (in wt.%, normalized on 100 %) of the altered rock resulting from
the interaction of 1 kg of gabbro with variable amount of the Seyfried’s solution (model E) at 300°C. Values were
manually quantified from mineral amounts (and their respective compositions) calculated in the model. These

values are shown in a graphical form in figure 5.

fluid amount |0 kg 10 kg 100 kg | 500 kg 1000 kg
SiO, 51.97 49.18 47.09 42.41 38.77
AlLO3 16.58 15.85 15.04 10.35 11.10
FeO 6.38 6.08 6.05 5.63 4.60
Ca0 12.84 12.62 16.44 31.19 37.32
MgO 9.14 8.72 8.67 8.08 6.60
Na,O 3.03 3.62 3.85 0.52 0.00
K,O 0.06 0.00 0.00 0.00 0.00
H,O 0.00 3.93 2.85 1.83 1.61

total mass (g)
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Figure 5 Graphical representation of the recalculated whole rock composition (Table 2) of the altered rock
resulting from the interaction of 1 kg of gabbro with variable amount of the Seyfried’s solution (model E) at
300°C. Note the decreasing SiO2 and increasing CaO demonstrating the most typical changes in whole-rock
chemistry during the rodingitization.

3.3 Sensitivity test to fluid compositions

3.3.1 Principles of the sensitivity test

In section 3.1, we have shown that both experimental serpentinization fluids (Klein's solution used in
model D and Seyfried’s solution used in model E) lead to the stabilization of significant vesuvianite in
the modeled rock if the amount of fluid in the system is sufficiently high. Consequently, we select
these two fluids as initial solutions for investigation of the influence of changes in fluid composition
on predicted mineral assemblages. It remains challenging to explore all fluid composition changes
because the fluid chemistry is defined by numerous variables and it is not possible to vary and explore
all variables at the same time. This is why one-factor-at-a-time method is applied on each
experimental fluid to quantify the effect of each variable separately. This means that at every
calculation, all but one variable are constant and the influence of this variable is investigated in detail.
Following variables are tested: Ca, Mg, Si, Al, Na, K, C, S, H,, reduction-oxidation potential (pe) and pH.
The fluid amount is invariably set to 1000 kg.

3.3.2 Sensitivity test # 1 (Klein’s solution)

The influence of Ca concentration in the initial fluid on the calculated mineral assemblage is presented
in Figure 6a. The diagram shows that at very low Ca concentration (< 2 mmol/kg), albite and daphnite
are present in the system. However, at higher Ca concentration, the amounts of predicted phases
represented by epidote, clinochlore, clinozoisite and vesuvianite remain constant.

The increase of Mg concentration causes the disappearance of vesuvianite from the system as soon
as the Mg concentration reaches 1 mmol/kg, and decrease and disappearance of epidote at around 2
mmol/kg (Fig. 6b). Clinozoisite and daphnite occur in the secondary assemblage when the Mg
concentration is around 2 mmol/kg but they disappear progressively at higher concentration. The
amount of clinochlore increases with increasing Mg concentration. At higher Mg concentration,
phyllosilicates (clinochlore, amesite) are the only predicted phases in the resulting rock.



At very low Si concentration, the predicted assemblage consists of epidote and clinochlore (Fig. 6c¢).
Diopside appears at 1 mmol/kg and is abundant in the assemblage above this value. Prehnite is
present only in a limited range of Si concentration (4 — 16 mmol/kg). Hedenbergite appears at 8
mmol/kg while quartz and wollastonite are present in the system if the Si concentration is above 12
mmol/kg. The amount of vesuvianite increases slightly with increasing Si concentration and
coexistence of vesuvianite and quartz is predicted in this case.

In a wide range of pH values (4 — 10), the mineral assemblage consisting of epidote, clinochlore and
vesuvianite remains the same (Fig. 6d). However, significant changes in mineralogy occur above pH
10. Epidote and clinochlore disappear while andradite, a common rodingite mineral, appears in the
assemblage. Most importantly, the amount of vesuvianite increases significantly at high pH values. At
a very extreme pH (> 12), monticellite, wollastonite, brucite and rankinite appear in the system.

Changes in other investigated variables in the fluid composition have only marginal or any effect on
the predicted mineral assemblage. These results can be found in supplementary material (Table SX).
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Figure 6 Influence of changes in fluid composition on the predicted mineralogy explored by one-factor-at-a-time
method applied on experimental serpentinization fluid from Klein et al. (2015) (model D), 300°C, fluid amount
1000 kg. a) variable Ca concentration. b) variable Mg concentration. c) variable Si concentration. d) variable
initial pH. Ab: albite, Adr: andradite, Ame: amesite, Br: brucite, Clc: clinochlore, Czo: clinozoisite, Di: diopside,
Dph: daphnite, Ep: epidote, Hd: hedenbergite, Mtc: monticellite, Prh: prehnite, Qz: quartz, Rnk: rankinite, Ves:
vesuvianite, Wo: wollastonite.

3.3.3 Sensitivity test # 2 (Seyfried’s solution)

If the Ca concentration in the fluid is low (< 2 mmol/kg), the predicted assemblage consists of diopside,
Na-phlogopite, andradite and vesuvianite (Fig. 7a). The amount of vesuvianite increases at low
concentration (< 8 mmol/kg) and then remains stable above this value. Andradite is the only Fe-
bearing phase in the system and its amount is thus not affected by changes in Ca concentration. At Ca



concentration between 4 — 10 mmol/kg, phases such as monticellite, clinochlore and wollastonite
appear in the system. Brucite and rankinite are present above 8 mmol/kg. At high Ca concentration (>
12 mmol/kg), the assemblage consists of andradite, vesuvianite, larnite, brucite and rankinite.

A small increase in Mg concentration in the fluid (from 0 to 2 mmol/kg) causes a significant increase
of the amount of brucite and disappearance of wollastonite (Fig. 7b). Vesuvianite and monticellite are
present at lower Mg concentration (< 16 mmol/kg) but disappear completely at values around 24
mmol/kg. At higher Mg concentration (> 20 mmol/kg), the predicted assemblage consists of
clinochlore, diopside, andradite and a serpentine phase (antigorite). Andradite is replaced by troilite
when the Mg concentration exceeds 24 mmol/kg.

At low Si concentration (< 3 mmol/kg), the assemblage consists of vesuvianite, wollastonite,
monticellite, andradite and clinochlore. Increasing Si concentration decreases the amount of
vesuvianite until its complete disappearance at around 16 mmol/kg (Fig. 7c). Diopside and albite
appear at 3 mmol/kg and 8 mmol/kg, respectively, and their amounts increase progressively with
increasing Si concentration. The amount of andradite remains stable in a wide range of Si
concentration and is only replaced by hedenbergite when the Si concentration exceeds 24 mmol/kg.
At very high Si concentration (> 24 mmol/kg), the predicted assemblage consists of wollastonite, albite
and pyroxenes (diopside and hedenbergite).

In a wide range of pH values (4 — 10.5), the mineral assemblage consisting of diopside, vesuvianite and
troilite remains virtually the same (Fig. 7d). Similarly to the first sensitivity test (section 3.3.1),
significant changes in the predicted mineralogy occur at higher pH values (> 10.5). Most notably,
andradite replaces troilite and diopside is replaced by monticellite and wollastonite at very high pH (>
11.5). Clinochlore also appears at pH above 11. In this case, the amount of vesuvianite remains almost
without changes even at high pH.

As in the first sensitivity test, we note that Ca, Mg, Si content and pH have the most significant
influence on the predicted mineral assemblage. Changes in other investigated variables in the fluid
composition (see supplementary material (Table SX)) have only marginal effect.
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Figure 7 Influence of changes in fluid composition on the predicted mineralogy explored by one-factor-at-a-time
method applied on experimental serpentinization fluid from Seyfried et al. (2007) (model E), 300°C, fluid amount
1000 kg. a) variable Ca concentration. b) variable Mg concentration. d) variable initial pH. Ab: albite, Adr:
andradite, Atg: antigorite, Br: brucite, Clc: clinochlore, Di: diopside, Hd: hedenbergite, Lrn: larnite, Mtc:
monticellite, Phl: Na-phlogopite, Rnk: rankinite, Tro: troilite, Ves: vesuvianite, Wo: wollastonite.

4  Discussion

4.1 Progress of the rodingitization process

Ca enrichment and Si leaching are chemical changes occurring during the rodingitization process that
are well outlined by our calculations (Table 2, Fig. 5). They represent the most notable changes in
whole rock composition and as such are commonly used to express the extent of the rodingitization
process (Koutsovitis et al., 2013; Laborda-Ldpez et al., 2020; Rogkala et al., 2022; Duan et al., 2022;
Butek et al., 2022). Consequently, we suggest that a single variable, the molal ratio Si/Ca, can serve as
a proxy to determine the extent of transformation. A review of literature data (Fig. 8) shows that fresh
gabbroic rocks normally display a Si/Ca value between 3.4 — 4.4 (MacLeod et al., 2017). This ratio
decreases significantly during rodingitization and the majority of vesuvianite-bearing rodingites from
the literature display a Si/Ca value between 1 — 2 (Li et al., 2004, 2007, 2017; Kobayashi and Kaneda,
2010; Koutsovitis et al., 2013; Fukuyama et al., 2014; Dai et al., 2016; Salvioli-Mariani et al., 2020;
Mubarak et al., 2020; Rogkala et al., 2022; Butek et al., 2022). The evolution of the Si/Ca value as a
function of the fluid amount for model E is reported in Figure 8 and shows continuous, albeit non-
linear, decrease in the Si/Ca value with increasing amount of fluid. The shift quantified from our
calculations (from 3.75 to 1) is in good agreement with the shift observed during the transformation
of natural gabbros into rodingites. Most importantly, geochemical model E confirms that a significant
extent of rodingitization (as indicated by fluid amount above 200 kg) is required for the formation of
vesuvianite-bearing rodingites (Fig. 8).



Our calculations consistently show that increasing fluid amount results in an increasing quantity of
vesuvianite (Figs. 2 and 3). This finding is also in good agreement with the thermodynamic model
presented by Palandri and Reed (2004), where the interaction of a pyroxene-rich gabbro with a
serpentinization fluid predicts vesuvianite only at a water-rock ratio above 200. Such high water-rock
ratio can be hard to imagine considering the constraints from O isotopes studies suggesting a relatively
low fluid-rock ratio (< 10) during serpentinization (Rouméjon et al., 2015; Zhao et al., 2023). However,
these studies often focus on only partially serpentinized ultramafic rocks very probably forming at the
beginning of the alteration (at lower fluid-rock ratio). Rodingites occur almost exclusively in
completely serpentinized rocks (Katoh and Niida, 1983), which suggests a higher fluid amount
participating in the process (Rouméjon et al., 2015, 2018). A high fluid amount can be achieved in
nature either by a small to moderate fluid influx continuing for a long time, or by a very high fluid
volume in contact with the rock during a short time. We assume the former option more plausible
since it allows to advance the mineral reactions to the chemical equilibrium more easily. In any case,
we conclude that vesuvianite formation requires an open system with a significant input of a fresh
hydrothermal fluid.
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Figure 8 Diagram of Si/Ca (molal ratio) in the solid phase vs fluid amount in the system. It compares the calculated
chemical composition (brown line, model E, section 3.2) with natural samples. Blue area represents gabbro
compositions (n = 201) from a present seafloor, oxide-rich samples excluded (MaclLeod et al., 2017). Green area
represents vesuvianite-bearing rodingite compositions (n = 49) from the literature (Li et al., 2004, 2007, 2017;
Kobayashi and Kaneda, 2010; Koutsovitis et al., 2013; Fukuyama et al., 2014; Dai et al., 2016; Salvioli-Mariani et



al., 2020; Mubarak et al., 2020; Rogkala et al., 2022; Butek et al., 2022). Top and bottom 5% of data were
excluded from both datasets to remove outliers. Dashed horizontal lines represent the average composition in
each dataset. The progressive transition from gabbroic composition to rodingite (rodingitization) is characterized
by decreasing Si-Ca ratio.

4.2 Volume changes during the rodingitization process

Rodingitization is often assumed to be a constant volume process in the published literature. This
assumption is mostly based on mass balance calculations (Schandl et al., 1989; Normand, 2001;
Puschnig, 2002), but it is also supported by the absence of signs of deformation induced by volume
changes observed in the field (Nishiyama et al., 2017). However, model E in this contribution predicts
a significant increase in the total mass of the rock (from 1000 to 1369 g at 1000 kg of fluid), primarily
caused by the fixation of Ca (Fig. 4). An average gabbro has a density of around 3 g/cm3 and the
calculated density of the modeled rodingite is 3.38 g/cm?, indicating a clear increase in rock density
during rodingitization. Despite this, if we translate the mass change into a change in volume, it still
results in about a 20 % increase in volume. We propose three explanations for the fact that volume
increase during rodingitization is not reported in the literature: 1) extremely rodingitized rocks
presented by high amounts of fluid in this study are quite rare in nature; 2) rodingitized rocks can
increase their volume, but this fact is hardly observed in the field because the plasticity of surrounding
serpentinite can eventually absorb the increase in volume; and 3) the variation in mineral composition
influences rock density. Since garnet is the densest mineral among the rodingite paragenesis, it could
be that rodingite samples very rich in garnet will not undergo significant volume changes. On the other
hand, however, rodingites relatively poor in garnet would still undergo a volume increase as predicted
by our calculations.

4.3 Modeled mineralogy vs. natural rodingites

Natural mafic rocks affected only by a low extent of hydrothermal alteration commonly contain relics
of primary minerals and the hydrothermal (secondary) paragenesis consists of prehnite, chlorite,
epidote-clinozoisite, albite or tremolite (Schandl et al., 1989; Attoh et al., 2006; Li et al., 2017; Wang
et al., 2019; Duan et al.,, 2021, 2022). These phases are consistently predicted in our calculations at
low fluid amounts (Figs. 2 and 3), indicating their precipitation during the early stages of the
rodingitization process.

Chlorite-group minerals are widespread in hydrothermal rocks in general and are present in virtually
all natural rodingites, whether affected by a low or high degree of alteration. Accordingly, these
minerals are commonly predicted in our models. Since diopside and garnet represent the most
abundant phases in the majority of rodingites described in the literature, they can be presumably
considered the most important transition phases between slightly rodingitized and extensively
rodingitized rocks (Schandl et al., 1989; Li et al., 2017), and together with vesuvianite, they are
probably the best indicators of a typical rodingite paragenesis (Fig. 6d, 7d). Some of the minerals
predicted in our models are rare or have never been described in natural rodingites. Such phases are
represented by wollastonite, rankinite, monticellite or troilite. We assume that these discrepancies
are mainly due to the limitations of the thermodynamic dataset and the absence of solid solutions.

Natural gabbroic rocks affected by a significant extent of rodingitization are generally characterized
by the presence of more or less abundant vesuvianite (Li et al., 2004, 2007, 2008, 2017; Zanoni et al.,
2016; Duan et al., 2022; Butek et al.,, 2022). In vesuvianite-dominated samples of extensively
rodingitized rocks from the Zermatt-Saas ophiolite (Li et al., 2008; Zanoni et al., 2016) and the Western
Carpathians (Butek et al., 2022), the characteristic mineralogy comprises vesuvianite, diopside, garnet
(grossular — andradite series) and clinochlore in variable proportions. This assemblage is very well
retrieved in a model characterized by a high amount of experimental serpentinization fluid at 300°C,



with pH modified to 11.5 (Fig. 7d), which predicts a modal proportion of Ves = 59.8 %, Clc = 21.1 %, Di
=11.8%, Adr = 7.3 % (Fig. 9).

Figure 9 Calculated modal composition of the altered rock resulting from the interaction of 1 kg of gabbro with
1000 kg of the Seyfried’s solution (model E) modified to pH 11.5, at 300°C. Vesuvianite constitutes more than 50
% of the sample and the mineral assemblage is in very good agreement with majority of extensively rodingitized
rocks described in the literature. Adr: andradite, Di: diopside, Clc: clinochlore, Ves: vesuvianite.

4.4 Composition of the rodingitization fluid

Experimental studies investigating the chemical exchanges between seawater and basalt have shown
that Ca is commonly leached from the mafic rock during hydrothermal alteration (Seyfried and
Bischoff, 1981; Mottl, 1983; Alt, 1995). While this is true for fluids of seawater composition or evolved
fluids with low pH (< 8), it seems that fluids equilibrated with serpentinite, characterized by high pH
(> 10; Barnes et al., 1978; Kelley et al., 2001), induce the opposite: Ca fixation. In this case, Ca is
removed from the fluid and incorporated into the altered rock (cf. Seyfried et al., 1998). This is in good
agreement with the progressive Ca enrichment in the solid phase predicted by our model (Fig. 4), and
it is also confirmed by numerous mass balance calculations for natural protolith-rodingite pairs
(Koutsovitis et al., 2013; Tsikouras et al., 2013; Li et al., 2017; Rogkala et al., 2022; Karkalis et al., 2022).

Since the rodingitization process unquestionably includes Ca enrichment in the protolith, it is
commonly termed as Ca metasomatism. This leads to the prevailing assumption that a Ca-rich
hydrothermal fluid with high Ca activity is involved in the hydrothermal process (e.g. Puschnig, 2002;
Hatzipanagiotou et al., 2003; Li et al., 2004). Despite the fact that Ca enrichment is significant in most
rodingites, several authors have already doubted this idea in the past and suggested that low SiO;
activity and silica leaching are the key factors driving rodingite formation (Normand, 2001; Frost et al.,
2008; Bach and Klein, 2009). Our calculations show that vesuvianite can be stabilized during fluid-rock
interaction involving pure water, i.e. even if no Ca is available in the fluid (Fig. 2b). Furthermore, the
sensitivity tests (Figs 6a, 7a) show that a change in Ca concentration of the fluid does not significantly
affect neither the predicted amount of vesuvianite nor the amount of andradite. Consequently, we
agree with the idea that rodingitization is not induced by high Ca activity and that high Ca
concentration (> 10 mmol/kg) in the circulating hydrothermal fluid is not required for the process to
occur.

On the other hand, our models show that the hydrothermal fluid must be low in magnesium to trigger
the formation of vesuvianite (Fig. 6b, 7b). In other words, the high MgO content of serpentinized
ultramafic rocks, as the prime host of rodingites, could eventually inhibit the formation of vesuvianite-
bearing rodingite. However, experimental studies simulating serpentinization (e.g. Seyfried et al.,
2007) show that Mg is not only retained in the serpentinized rock during the process, but it is even
transferred from the fluid into the serpentinite. This fact is also confirmed by measured compositions
of natural serpentinization fluids displaying very low Mg concentrations (Barnes et al., 1978; Kelley et



al., 2001). The serpentinization process thus effectively buffers the Mg concentration in the fluid near
zero, which is presumably essential for the rodingitization process to occur. Rodingites are commonly
lighter in Mg isotopic composition than their protolit (Dai et al., 2016; Zhao et al., 2023; Xiong et al.,
2024). This fact does not support well the idea of a low-Mg fluid because some Mg (0.45 - 0.99 wt%
MgO; Zhao et al., 2023) must be dissolved in the fluid to cause the Mg low isotopic signature. It seems
probable that a water-ratio higher than 10 (cf. Xiong et al., 2024), and another process(es) should be
considered to adequatly explain the Mg isotopic fractionation during fluid-gabbro interactions. More
research is needed to clarify this inconsistency. Li et al. (2017) calculated that a high CaO/MgO activity
[u(CaO/MgO)] is required to form vesuvianite-bearing rodingite. According to our results (Figs. 6b, 7b)
and the fact that Ca concentration does not have much effect on the predicted amount of vesuvianite,
we assume that the higher u(CaO/MgO0) value in the Si vs Ca/Mg activity diagram presented by Li et
al. (2017) is mostly controlled by a decrease in MgO, and not much by an increase in CaO.

Similarly to Mg, the Si content in the fluid should be low to trigger the formation of vesuvianite-bearing
rodingites (Fig. 7c). This is consistent with the progressive desilication during rodingitization as
discussed above (section 4.1), even though desilication was calculated in our model to occur only at
lower fluid amounts (below 400 kg) (Fig. 4). Hydrothermal vent fluid compositions (Fouquet et al.,
2010; Seyfried et al., 2015) as well as experimental studies (Wetzel and Shock, 2000) show a systematic
difference in Si concentration between the hydrothermal fluid from an ultramafic (peridotite-
dominated) system and the fluid from a mafic (basalt-gabbro) system. Low-Si hydrothermal fluid is
characteristic of ultramafic systems, while higher Si concentrations in the fluid indicate an interaction
with a mafic rock, which can result in the precipitation of quartz during alteration (Mottl, 1983;
Fletcher et al., 1997; Wetzel and Shock, 2000). Based on this fact, we suggest that a large volume of
ultramafic rock undergoing serpentinization compared to smaller mafic bodies undergoing
rodingitization leads to low Si activity in the whole system and induces silica leaching from the mafic
lithology.

Predicted mineral assemblages are significantly affected by the initial pH of the hydrothermal fluid.
The reaction with evolved seawater (model D) yields rodingite minerals only at a very high pH (11 -
12; Fig. 6d) and the amount of vesuvianite increases with increasing pH. Therefore, we suggest that a
high pH of the hydrothermal fluid favours the formation of vesuvianite-bearing rodingites. Since
serpentinization fluids are commonly characterized by high pH values (Barnes et al., 1978; Kelley et
al., 2001), this result is consistent with the general concept that the rodingitization process is driven
by the presence of an alkaline serpentinization—related fluid and that the serpentinization and
rodingitization processes are both spatially and temporally connected (Palandri and Reed, 2004).

Rodingite forming fluid is typically considered to be very low in COz (Xco2 < 107). This knowledge
originates from numerous thermodynamic calculations indicating vesuvianite instability at higher CO,
concentrations (Rice, 1983; Li et al., 2008; Duan et al., 2021), but also from several fluid inclusion
studies that do not report significant CO, concentration in the hydrothermal fluid (Schandl et al., 1990;
O’Hanley et al., 1992; Murzin and Shanina, 2007; Normand and Williams-Jones, 2007). However, our
sensitivity tests on fluid composition suggest that vesuvianite formation is not necessarily inhibited at
significant CO, (Table SX) and thus even the coexistence of vesuvianite and calcite could be eventually
possible, as has been already observed in some natural rodingites (Salvioli-Mariani et al., 2020; Butek
et al., 2022). We agree with Salvioli-Mariani et al. (2020) who drew the same conclusion from their
thermodynamic calculations, namely that low CO; concentration are not required for the
rodingitization process.



5 Conclusion

An open system with a high amount of hydrothermal fluid is required to transform a mafic
protolith into rodingite. The most rodingitized rocks are characterized by the presence of
vesuvianite, which is stabilized only at a very high fluid-rock ratio.

The evolution of the whole rock composition (namely Ca enrichment and Si leaching) during
rodingitization is successfully simulated by our calculations. Consequently, the progress of
rodingitization can be quantified by the Si/Ca value in the rock because this ratio progressively
decreases during the continuous metasomatic transformation.

Geochemical modeling of gabbro-fluid interactions at 300°C adequately reproduces rodingite
parageneses in a large range of fluid compositions. Moreover, it shows that the significant
heterogeneity in the mineralogy of natural rodingite samples is induced mainly by variation in
the amount of fluid affecting the hydrothermal system.

A Ca-rich fluid is not required to induce rodingitization. However, the fluid must be devoid of
Mg and low in Si. This composition can be derived from evolved seawater and is naturally
controlled by the serpentinization process simultaneously occurring in the surrounding rocks.
High pH and reducing conditions generally favour vesuvianite precipitation and are
presumably favourable to the formation of rodingite paragenesis. This is consistent with the
composition of serpentinization fluids and underlines the fact that the process of
rodingitization is driven by a serpentinization fluid.
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