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ABSTRACT

Listvenites form by metasomatic transformation of variably serpentinized peridotites to carbonate-quartz rocks
due to extensive reaction with CO,-bearing aqueous fluids. This transformation sequesters large amounts of
carbon since listvenites commonly contain >30 wt% CO,. Although volumetrically a rare rock type, they occur in
many ophiolites throughout much of the geological record, with preserved examples from the Archean to the
present. Listvenites are highly interesting because they can form in the forearc mantle wedge, modulating deep
carbon cycling. They further are natural analogues for optimal carbon sequestration by mineral carbonation.

Here we elucidate the influence of different controlling variables and feedback mechanisms on natural list-
venite formation, investigate which prerequisites and geodynamic settings are favorable, and discuss related
implications for the deep carbon cycle and engineered CO, storage by mineral carbonation. Using thermody-
namic fluid infiltration-fractionation models that simulate idealized, step-wise carbonation flow-through ex-
periments, we quantify expected changes in volume, mass, solute transfer (e.g. Mg, Si mobility), redox conditions
and pH with reaction progress in dependence of protolith composition, infiltrated fluid composition, temperature
and pressure. The models agree well with experiments and natural observations of high-T carbonation but have
limitations at low temperature (T < 130-150 °C) where kinetic effects in experiments limit the approach to
equilibrium. Our modeling and assessment of typical CO, concentrations in metamorphic/hydrothermal fluids
highlight that listvenite formation requires high time-integrated fluid flux, which in turn requires dynamic
renewal of permeability despite reactive volume expansion. As most known listvenites crop out along tectonic
contacts between crustal and ultramafic rocks in ophiolites that delineate major orogenic sutures, key factors
controlling CO, supply are deviatoric stress and related deformation. Listvenite microstructures indicate that
important hydro-mechanical-chemical feedback processes allowing continued fluid flux during carbonation are
brittle fracturing and vein formation, reaction-enhanced ductile deformation, and local mass redistribution due
to solute transfer. These feedback processes critically influence carbon flux pathways and the extent of COy
sequestration, but are not yet well understood as they are challenging to reproduce experimentally and by
modeling. The CO4 source for listvenite formation is most commonly inferred to be metamorphic devolatilization
and/or dissolution of carbonate + organic carbon bearing meta-sediments. Less commonly reported are mantle
or magmatic COy sources. First-order thermodynamic modeling indicates that listvenites may be a direct
consequence of meta-sediment devolatilization in subduction zones, while their formation at low pressure
conditions requires rapid, large scale ascent and cooling of deep sourced fluids along shear or fault zones. The
latter setting is reminiscent of induced mineral carbonation by subsurface CO; injection. The microstructural and
chemical record of listvenites thus provides a means to investigate hydro-mechanical-chemical feedbacks during
carbonation reaction progress at scales that cannot be achieved in laboratory experiments. Understanding these
mechanisms is crucial for developing and validating strategies of engineered subsurface CO, sequestration by
mineral carbonation.
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1. Introduction

Two pressing research topics in Earth system sciences are (i) to un-
derstand the factors that maintained Earth as a habitable planet
throughout its geological history, and (ii) to find ways to prevent climate
from becoming human-hostile in the near future due to past and current
industrial greenhouse gas emissions. For both of these questions, CO5-
fluid-rock interactions in ultramafic lithologies may play a significant
role, because they can lead to geologically fast and extensive seques-
tration of mobile aqueous CO; into solid carbonate (e.g., Beinlich et al.,
2020a; Kelemen et al., 2011).

Earth’s long-term habitability depends, among other factors, on the
carbon flux balance between surface (atmosphere, oceans, biosphere,
sediments and weathered rock) and the volumetrically much larger deep
Earth reservoirs (Earth’s mantle and mid to lower crust) (Dasgupta,
2013). Over the last two decades, much progress has been made to
constrain the deep carbon cycle with respect to carbon inputs into
subduction zones, modeling of carbon release from subducted slabs, and
volcanic and metamorphic outgassing (e.g., Galvez and Pubellier, 2019;
Miiller et al., 2022; Plank and Manning, 2019; Sverjensky, 2019). The
“cold nose” of the forearc mantle wedge of subduction zones acts as a
carbon trap for COs-bearing fluids released from the subducting slab due
to peridotite carbonation, but the extent of this process is essentially
unknown despite potentially being very high (Barry et al., 2019; Kele-
men and Manning, 2015). Another major uncertainty in the carbon cycle
of subduction zones is the role of slab-parallel ascent of CO»-bearing
fluid (e.g., Epstein et al., 2021). For instance, CO5 released from the slab
may rise along the plate interface into the forearc instead of vertical
infiltrating the subarc mantle wedge, thereby escaping the return flux
via arc magmatism. Peridotite carbonation along the subduction plate
interface can trace this process.

Prolonged interaction of aqueous CO»-bearing fluid with peridotite
can form listvenite, a carbonate-quartz rock that sequesters >30 wt%
CO4 (Halls and Zhao, 1995; Hansen et al., 2005). Experiments have
shown that listvenites can in principle form at high pressure conditions
(1.0-2.5 GPa, 350-750 °C) in the forearc mantle wedge and within the
subducted slab if COy concentrations in fluids are high (Sieber et al.,
2018; Sieber et al., 2020). A volume of 1 km? forearc peridotite fully
carbonated to listvenite (230-290 Mt. C) represents a carbon storage
equivalent to 4-7 times the annual carbon input into global subduction
zones (40-66 Mt. C) (Kelemen and Manning, 2015). Carbonation of
forearc peridotite thus has a large potential to modulate deep carbon
fluxes, but the extent of this is unknown.

After being of interest mainly for gold exploration (Aydal, 1990;
Buisson and Leblanc, 1985; Emam and Zoheir, 2013; Qiu and Zhu,
2015), listvenites received increasing scientific attention throughout the
last two decades following the proposition that they are natural ana-
logues for carbon sequestration by mineral carbonation (Goff and
Lackner, 1998; Hansen et al., 2005; Kelemen and Matter, 2008).
Greenhouse gas emissions have led to substantially higher global at-
mospheric CO, concentrations than ever experienced before by humans
(IPCC, 2021) and CO2 concentrations are still rising as of 2020-2023
(NOAA, 2023). While not suitable to justify further burning of fossil
fuels, negative carbon emission methods such as carbon sequestration
and geological storage comprise a necessary part of the efforts to alle-
viate climate breakdown even if the transition to a net zero greenhouse
gas economy is faster than expected (IPCC, 2023). Subsurface geological
carbon storage by mineral carbonation of ultramafic rocks may be one
promising strategy since peridotite carbonation safely stores CO3 in solid
carbonates, through a reaction that is exothermic and geologically fast
(Beinlich et al., 2020a; Kelemen and Matter, 2008; Kelemen et al., 2011;
Sanna et al., 2014). Artificially induced formation of 1 km?® listvenite
theoretically has the potential to store about 1.5% of annual global
green-house gas emissions (the latter being >15.000 Mt. C/yr in
2015-2019 across all sectors; (IPCC, 2023)). Main hindrances besides
economic factors are however the low permeability of peridotites, the
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tendency of volume-increasing reactions like hydration and carbonation
to clog porosity, and that subsurface reactive systems are not accessible
to direct observation, with laboratory experiments necessarily being
limited by time and size. Fossil natural listvenite occurrences prove that
pervasive, complete carbonation of ultramafic rock by interaction with
CO9-bearing aqueous fluid is possible, likely in a variety of contexts
(Table 1). These natural analogues provide important insights into the
interplay between permeability and reaction during carbonation at
temporal and spatial scales that are not accessible in experiments.
Although much knowledge has been gained throughout the past
decades, various fundamental questions about listvenite formation
remain open and are subject to debate. For example, which processes are
the most relevant to allow complete transformation into carbonate-
quartz despite mass addition and volume increase? In which geo-
dynamic settings do listvenites form in nature? How fast is peridotite
carbonation in different tectonic contexts, and which are the rate
limiting processes? Which processes are important at the nanometer,
hand-specimen to outcrop scales, and which meso-scale insights from
natural examples of peridotite carbonation are transferable to technical
applications of carbon capture and storage? To address these questions,
among others, we critically discuss the state of knowledge of listvenite
formation combining a review of natural field, experimental and theo-
retical studies with new thermodynamic modeling, with a particular
focus on the conditions, feedback processes and tectonic environments.

1.1. Definitions and preferred nomenclature

The term listvenite (also spelled listwanite or listwaenite in litera-
ture) refers to a rock composed of magnesian carbonates and quartz that
is formed by metasomatic reaction of an ultramafic protolith with CO,-
bearing fluids (Halls and Zhao, 1995; Hansen et al., 2005). Carbonate
typically is magnesite with variable Fe content along the magnesite-
siderite solid solution or less frequently dolomite (+ calcite). Alter-
ation of relict Cr-spinel is commonly linked to the formation of Cr-
bearing muscovite (fuchsite, occasionally mariposite), if fluids are po-
tassium bearing. Interaction of COo-bearing fluid with ultramafic rock
causes a typically stepwise replacement reaction sequence forming with
increasing reaction progress carbonate-bearing serpentinite (termed
ophicarbonate in the following), talc-carbonate rock (soapstone), and
carbonate-quartz rock (listvenite) if CO; concentrations and fluid
replenishment are high enough (Frost, 1985; Halls and Zhao, 1995;
Klein and Garrido, 2011). We favor a genetic-compositional definition of
listvenite as fully carbonated ultramafic rock, where most divalent cat-
ions are contained in carbonate, most silica is in quartz, chalcedony or
opal, and an ultramafic protolith is evidenced by Cr-spinel relicts or
other criteria, but, in contrast to Halls and Zhao (1995), we do not
consider Cr-bearing muscovite a required phase.

The reaction sequence leading to listvenite formation is character-
ized by predominantly reactive replacement. This feature distinguishes
listvenites from other carbonated peridotites that mainly form by ad-
ditive carbonate precipitation and that are usually not genetically
related to listvenites. The latter include (i) ophicalcites, formed by
calcite and/or aragonite precipitation in vein networks, breccias and as
a cement between ultramafic clasts in serpentinized peridotites exposed
at the seafloor (e.g., Schwarzenbach et al., 2013); (ii) carbonate veins
cross-cutting serpentinized peridotites at the sub-seafloor (e.g.,
Schroeder et al., 2015; Ternieten et al., 2021a) or in the weathering
horizon of ophiolites (e.g., Noél et al., 2018; Ternieten et al., 2021b);
(iii) subaerial magnesite deposits that lack co-genetic quartz, formed in
playa environments (Power et al., 2019); and (iv) carbonate travertine
deposits of serpentinite-hosted (hyper)alkaline springs (e.g., Chavagnac
et al., 2013; Giampouras et al., 2019). Similar to the ophicarbonate-
soapstone-listvenite carbonation sequence, magnesite-enstatite rocks
(sagvandites) form by reactive replacement during CO» metasomatism,
but at higher temperatures of 500-600 °C (Schreyer et al., 1972).

Some authors further distinguish between carbonate-rich and
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Table 1
Selected examples of listvenite occurrences from different ages and settings and some of their (known/interpreted) characteristics.
Cenozoic Mesozoic
Abbreviation SAF App Tin BT1 Sis Atl Lou
Host rock unit; context; San Andreas fault  Ligurian ophiolite, Tethyan exhumed Samail ophiolite, Birjand ophiolite, ~Canadian Cordillera Loubusa
location California, USA Northern metamorphic Oman Drilling Project Sistan Suture ophiolites, Atlin, ophiolite, Tibet,
Appenines, Italy terrane, Hole BT1B, Oman Zone, Iran British Columbia China

Inferred tectonic setting
of carbonation

Structural context

Timing of carbonation
(method)

Protolith

Listvenite assemblages

Associated carbonated
rocks

Carbonation
temperature

Inferred CO2 source

Main references

active transform
fault (a-seismic
creeping section)

aseismic sections
along strike-slip
fault branches

present-day
(inferred from
spring fluid
compositions)

lizardite-chrysotile
serpentinite

Mgs-Qtz, +opal/
chalcedony

dolomite-quartz
veins

Tlc-Mgs at depth?
(inferred)

at depth 100-300
°c?

spring fluids: < 55
°C

mantle &
metamorphic
devolatilization of
crustal lithologies

Barne/s et al.,
1973; Klein et al.,
2022

syn-tectonic
during post-
obduction
extensional
faulting of Tethyan
ophiolite

along deep rooted,
crustal-scale
extensional faults

Late-Miocene-
Early Pliocene
(based on tectono-
metamorphic
context)

fully serpentinized
harzburgite

Mgs-Dol, opal/
chalcedony,
smectite

dolomite-bearing
serpentinite,
ophicarbonate
breccias

<100 °C?
(presence of opal-
CT)

mantle CO, mixed
with meteoric
water

Rielli et al., 2022

Cyclades, Tinos,
Greece

post-peak
metamorphism and
thrusting (?) but
before post-
collisional
magmatism

close to or along
faulted contact with
lower HP/LT
metamorphic unit

16 Ma / 19 Ma
(internal Rb-Sr
isochron of
fuchsite/ magnesite
separates & bulk
rock)

fully hydrated and
sheared Atg-
dominated
serpentinite

Mgs-Qtz, CrSp,
Fuchs, Chl, Ab, Mag

none (isolated
listvenite bodies
embedded in meta-
sediments)

250-350 °C?
(Chl thermometry)

deep hydrothermal
infiltration of
seawater-originated
fluid?

Hinsken et al., 2017

during thrusting
coeval with mature
subduction, ophiolite
emplacement, or post-
obduction extension

along basal thrust
between basal
peridotite and
metamorphic sole;
coeval with
deformation

97 + 29 Ma (internal
Rb/Sr isochron)

serpentinized banded
harzburgite /
lherzolite

Mgs-Qtz-CrSp-Fuchs
Dol-Mgs-Qtz-CrSp

Mgs-bearing
serpentinite
Dol-bearing
serpentinite
Mgs-Tle-Serp (rare)
Mgs-Serp-Qtz (rare)

100 + 46 °C; early
veins possibly up to
250 °C? (clumped
isotopes)

partially subducted /
underthrusted meta-
sediments

Kelemen et al., 2022;
Falk and Kelemen,
2015; Beinlich et al.,
2020a; de Obeso

et al., 2022; Menzel
et al., 2022a; Godard
et al., 2021

forearc subduction
transitioning to
continental
collision

along or close to
large scale fault
branch(es)

uncertain; Eocene-
Oligocene if
during ophiolite
obduction

partially
serpentinized
harzburgite

Mgs-Qtz + Dol,
Py, CrSp, FeOx,
Fuchs

Carb-bearing Atg-
serpentinite
Mgs-Tlc-Atg (rare)
birbirite

uncertain, < 280
°C

metasediments?

Aftabi and
Zarrinkoub, 2013;
Boskabadi et al.,
2020

carbonation during/
after ophiolite
emplacement?

along faulted contact
to meta-basalts and
accretionary units;
along faults

168-172 Ma?
(Ar-Ar in Cr-
muscovite)

mostly harzburgite-
lherzolite, some
dunites, rare
websterite

Mgs-Qtz-CrSp

Mgs-bearing
serpentinite
Tlc-Mgs rocks

210-280 °C (fluid
inclusions in
quartz-carbonate
veins)

unkown

Hansen et al., 2005
(& references
therein)

Cutts et al., 2021;
Tominaga et al.,
2023

Supra-subduction
zone ophiolite
(175 Ma),
carbonation
context unclear

along boundary
fault of ophiolite.
Sharp fault
contact to triassic
flysch

unknown; during
or after tectonic
emplacement of
ophiolite?

serpentinized
dunite; Cpx-
bearing
harzburgite

Mgs-Tle-Qtz +
Dol, CrSp, Py,
FeOx

Tle-Mgs rocks

unknown

unkown

Zhanget al., 2015
Robinson et al.,
2005
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Paleozoic Proterozoic Archean
Abbreviation Tia Sar Adv Lin WAS ANS Abi Bar
Host rock unit; context; Tianshan Sartohay Baie Verte Norwegian Neoproterozoic  Arabian- Abitibi Barberton
location orogenic belt, ophiolitic Ophiolites, Caledonides, Western Arabian Nubian Shield, greenstone belt, greenstone
Western China ~ melange; Advocate Linnajavri Shield, Saudi Egypt Superior belt, South
Xinjiang, China  Complex, Norway Arabia Province, Africa
Newfoundland, Canada
Canada
Inferred tectonic setting during late stage possibly related  during/after during interpreted as 2- during Accretion of deformation
of carbonation of exhumation of to coeval subduction of caledonian step process from ophiolite Abitibi and and multi-
subducted high- magmatism. Laurentian orogenic forearc supra- obduction? Pontiac stage fluid
pressure units Listvenite is margin beneath  thrusting of subduction subprovinces infiltration
variably ophiolite (?) exhumed setting to and related along a basal
deformed / analogous to metamorphic ophiolite intrusive thrust zone
mylonitized. forearc setting; or terrane? obduction porphyries and
during post- albitite dikes (?)
collisional
magmatism
Structural context along contact of in ophiolitic along major fault along tectonic along imbricate  along shear along local in banded/
serpentinites to  melange along zone separating  (?) contact of thrust faults in zones faults and shear mylonitic zone
carbonate meta- faults at contact mantle and mantle the mantle zones between
sediments to and in basaltic crustal ophiolite  fragments and ophiolite section gabbros and
rocks fragments meta-sediments meta-
pyroxenite
Timing of carbonation uncertain, < 296-304 Ma? uncertain; if uncertain; uncertain, uncertain, <2704-2719 Archean
(method) 300 Ma (HP peak (U—Pb in Zrn) or during obduction during possibly possibly Ma (komatiite); (possibly ~
metamorphic 280-277 Ma? of Baie Verte Caledonian Neoproterozoic ~ Neoproterozoic > 2617-2633 3.23 Ga)
age) (Zrn rims) ophiolite: orogeny? Ma (Ar/Ar in
481-456 Ma Fuchs & Pb/Pb
in Rt)
Protolith metamorphic fully partially Atg-serpentinite variably serpentinite; serpentinized komatiite (?),
Atg-serpentinite  serpentinized serpentinized (lherzolitic) serpentinized serp. komatiite partly basalt/
harzburgite harzburgite harzburgite + Harzburgite gabbro (?)
dunite
Listvenite assemblages Mgs-Dol-Qtz- Mgs-Qtz-CrSp, Mgs-Qtz-CrSp- Mgs-Qtz-CrSp Mgs-Qtz-CrSp +  Mgs-Qtz-CrSp Mgs-Qtz Cal/Dol-Qtz-
Fuchs +Chl, Fuchs, Py; Fuchs + Mag, Chl, Tlc, Fuchs =+ Chl, Tlc, =+ Dol, Fuchs, Chl-Fuchs, +
trace Ap, Zrn =+ Chl, Py, Dol, Ms., Bt, Ab, Tur, Fuchs, sulfides Chl, Rt CrSp, Py, Rt
Hem Ttn
Associated carbonated ~ Mgs- Serpentinite Mgs-Bre-bearing  soapstone (Tlc- Qtz-rich Tle-Tr-Anth- Tlc-Mgs rocks;  carbonate-
rocks serpentinite; Tle-Mgs rock and  Atg-serpentinite; Mgs + Chl, listvenites, Mgs rocks, Mgs- Fuchs-Chl-Rt bearing or
ophidolomite; Tle-schists Atg-Tlc-Mgs rock; Mag) birbirite Qtz veins in Tlc- veins carbonatized
carbonated Qtz-Tlc-Mgs rock; Dol-Tr bearing minor (?) Mgs- rich rocks (decarbonated ~ gabbro; meta-
meta-sediments Mgs-Fuchs rock  Atg-serpentinite Tle listvenite?) pyroxenite
with Carb-Qtz
veins
Carbonation unknown 320-410 °C? > 280 °C, < 420 ~275 °C (d'®0 220-260 °C? unkown 250-300 °C 240-350 °C
temperature (fluid inclusions °C of Qtz-Mgs) (Chl- (fluid (Chl-
in Qtz of gold (prograde thermometry) inclusions) thermometry)
deposit) lizardite to Brc +
Atg reaction)
Inferred CO_ source devolatilization = meta-sediment partially overthrusted or devolatilization = metamorphic two magmatic- unknown
of adjacent devolatilization ~ subducted meta- host of accretionary  fluid metamorphic
meta-sediments  due to sediments (?) metasediments wedge/ fluids or fluid
@ magmatism (?) (@] subducted mixing?
sediments?
Main references Peng et al., 2020 Qiu and Zhu, Menzel et al., Beinlich et al., Gahlan et al., Boskabadi Schandl and Grosch et al.,
2018 2018 2012; Tominaga 2020 et al., 2017; Gorton, 2012 (& 2012
Qiu and Zhu, et al., 2017; Gahlan et al., Moussa et al., references
2015 Robinson Beinlich et al., 2022 2021 therein)
et al., 2005 2020a (& references
therein)

(Mgs: magnesite; Qtz: quartz; Tlc: talc; Dol: dolomite; CrSp: Cr-spinel; FeOx: Fe-oxides; Mag: magnetite; Hem: hematite; Fuchs: Cr-muscvovite; Ms.: muscovite; Bt:
biotite; Chl: chlorite; Ab: albite; Plag: plagioclase; Tr: tremolite; Anth: anthophyllite; Py: pyrite; Rt: rutile; Zrn: zircon; Ap: apatite; Ttn: titanite; Tur: tourmaline)
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silicate-rich listvenites. This is useful if the distinction is based on
significantly higher or lower bulk rock M2*/Si —where M*" = Mg, Fe,
Ca, Mn, Ni— of listvenite in comparison to the protolith composition
(Aftabi and Zarrinkoub, 2013; Boskabadi et al., 2020). We suggest that
terms like carbonate-rich or silicate-rich listvenite should not be used to
refer to listvenites with similar M?*/Si as the protolith, and certainly not
to carbonate-bearing serpentinite or talc-carbonate rocks. We caution
further that the common presence of veins and structural heterogene-
ities in listvenites can cause an apparent chemical bimodality depending
on the sample size selected for bulk rock analysis. Some low-
temperature listvenites are related to peridotites altered to Cr-spinel
and/or fuchsite bearing quartz rocks, which in places have been
referred to as birbirites (e.g., Molly, 1959). Birbirite may form by
continued or secondary alteration of listvenite (Akbulut et al., 2006;
Austrheim et al., 2021; Klein and Garrido, 2011) or, unrelated to
carbonation, by direct silicification of serpentinite due to Si-rich fluid
infiltration or lateritic Mg leaching (Augustithis, 1967; Lacinska and
Styles, 2013).

1.2. Spatial and temporal distribution of listvenite occurrences

Listvenite is a rare rock type, but small occurrences are present in
many ophiolites and exhumed metamorphic ultramafic massifs world-
wide (Fig. 1). Typically, listvenites crop out as several meter to 10’s of
meter thick lenses, associated with other variably carbonated and hy-
drated ultramafic rocks. Table 1 shows a compilation of listvenite oc-
currences that we selected to showcase comparatively well-studied
examples of different ages and settings, with some of their key

Earth-Science Reviews 255 (2024) 104828

characteristics as far as they are known or inferred. Many more reported
listvenite occurrences exist (Aydal, 1990; Belogub et al., 2017; Boedo
et al., 2015) (and references cited in Halls and Zhao, 1995). The exact
timing and tectonic context of listvenite formation is in many cases
subject of interpretation or even speculation. Nevertheless, two general
observations appear evident: (i) listvenites have formed throughout
much of Earth’s history, with early examples from Archean greenstone
belts possibly as old as 3.23 Ga (Grosch et al., 2012), and others as recent
as 16-19 Ma (Hinsken et al., 2017) or even forming at present (Klein
et al., 2022); and (ii) listvenites typically occur along tectonic contacts of
crustal lithologies with ultramafic rocks in exhumed metamorphic ter-
ranes and in ophiolites that delineate major orogenic sutures. Accord-
ingly, most listvenite occurrences are found in mantle rocks exhumed
during different phases of orogenesis (Fig. 1). Many of the tectonic
contacts comprising listvenites are plate boundary faults characterized
by high CO; fluxes (Barnes et al., 1978). No listvenites are known from
exhumed mantle along active spreading mid-ocean ridges or ocean-
continent transitions. Recently discovered talc-magnesite rocks from
the St. Paul Atlantic transform fault (Klein et al., 2024) suggest that
listvenite formation may also be possible in some oceanic settings but
have been missed so far due to comparatively scarce sampling.

Recent studies have proposed that processes similar to listvenite
formation may also be active on extra-terrestrial bodies. Alteration of
ferromagnesian silicate minerals to talc-carbonate-quartz could explain
the CO,, methane and silica bearing composition of Enceladus’ ocean, as
inferred from material emitted from plumes at the moon’s south pole
(Glein and Waite, 2020; Hsu et al., 2015). On Mars, carbonates of
magnesite-siderite composition have been reported in mafic / ultramafic
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Fig. 1. A non-exhaustive compilation of the global distribution of listvenite occurrences reviewed in this study (yellow stars and abbreviations), in relation to
ophiolites and greenstone belts and Proterozoic to Phanerozoic orogenic systems (colored regions) from Furnes et al. (2014) (their Fig. 1; reprinted here without
changes). For most occurrences, see Table 1 for details. Listvenites not listed in Table 1 are: PC: Argentine Precordillera mafic-ultramafic belt (Boedo et al., 2015);
NC: New Caledonia magnesite-quartz and talc-carbonate alterations (Spandler et al., 2008; Ulrich et al., 2014); Gra: Graberget, Norway (Austrheim et al., 2021);
Gre: Greggenbaun, Ireland (Halls and Zhao, 1995); SU: South Ural, various occurrences (Belogub et al., 2017); Ana: Anatolia, Eastern Turkey, various occurrences
(Akbulut et al., 2006; Aydal, 1990); Fan: Fanjah listvenites, Samail ophiolite, Oman (related to BT1 listvenites) (Decrausaz et al., 2023; Falk and Kelemen, 2015;
Nasir et al., 2007; Scharf et al., 2022; Stanger, 1985); Ban: Bangong suture, Tibet, China (Ji et al., 2022); YC: Yilgarn craton carbonated komatiites, Western Australia
(Davis et al., 2001). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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lithologies in Jezero crater (Clave et al., 2023; Farley et al., 2022) as well
as several other locations (see Table 3 in Clavé et al. (2023)) and in
Martian meteorites (Steele et al., 2022). Although some of these surface
occurrences may rather be analogous to terrestrial magnesite playa
deposits (Scheller et al., 2021), they suggest that peridotite carbonation
had been active on Mars, possibly including listvenite formation.

1.3. Bulk chemical characteristics of listvenites

The bulk rock chemistry of listvenites reflects that of the ultramafic
protolith (e.g., dunite, harzburgite, lherzolite, komatiite; Table 1)
combined with the geochemical imprint of volatiles and fluid-mobile
elements gained or lost during reactive fluid flow. The reaction
sequence forming ophicarbonate, soapstone and listvenite can proceed
solely by continued addition of CO, (carbonation is isochemical with
respect to non-volatile elements), but depending on the conditions some
major elements may be added or leached by the percolating fluid. This
can lead to divalent metal and Si enrichment or depletion during list-
venite formation (non-isochemical carbonation). Although the resulting
chemical modifications can be significant, analysis of the bulk major and
trace element composition together with the composition of relict Cr-
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spinel often allows to infer the protolith of listvenites (e.g., Godard
et al., 2021).

Fig. 2 shows a compilation of bulk rock Mg/Si and Ca/Mg versus the
CO-, content of various listvenites and associated carbonated peridotites.
While not sufficient to discriminate the protolith prior to carbonation,
this illustrates some commonly observed first-order variations. Relative
to typical protolith compositions, high-temperature listvenites series
often show carbonation at constant Mg/Si with increasing CO, (empty
symbols in Fig. 2a). In contrast, the formation of low-temperature list-
venite (e.g., the Oman Drilling Project (Oman DP) Hole BT1B listvenites
and similar carbonation sequences in the Birjand ophiolite of Iran) is
commonly non-isochemical at the scale of bulk chemistry samples
(Fig. 2a).

Although most listvenites are magnesite-rich and thus have low bulk
rock Ca/Mg, some dolomite-rich listvenites show substantial Ca gain,
exceeding the contents expected even for a protolith that was locally
enriched in clinopyroxene (Fig. 2b). Ca gain may occur during carbon-
ation, e.g. due to aqueous CaHCO7 in the infiltrating fluid, but may also
be the result of secondary overprint of listvenite.

Listvenites can preserve part of the signatures of their inferred ul-
tramafic protoliths for most lithophile trace elements (e.g., Rare Earth
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Fig. 2. Molar Mg/Si (a) and Ca/Mg (b) element ratios versus CO2 content in natural carbonation sequences related to listvenite formation. Data from: [1] various
ophiolites in W-Canada (Cutts et al., 2021), [2] Advocate ophiolite, Newfoundland, Canada (Menzel et al., 2018), [3] Linnajavri, Norway (Beinlich et al., 2012), [4]
Abitibi belt, Ontario, Canada (Schandl and Gorton, 2012), [5] Loubusa ophiolite, Tibet, China (Zhang et al., 2015), [6] Oman BT1B listvenite (Godard et al., 2021),
and [7] Birjand ophiolite, Iran (Aftabi and Zarrinkoub, 2013). While the higher temperature carbonation sequences (empty symbols) are mostly consistent with
isochemical carbonation, the low temperature Oman and Birjand listvenites (filled symbols) show significant modification of Mg/Si and Ca/Mg compared to average
dunite, harzburgite or lherzolite protoliths (grey bars, after Godard et al. (2000) and Hanghgj et al. (2010); and McDonough (1990) for average continental lith-
ospheric mantle lherzolite). Fields in a) for ophicarbonate, soapstone (both serpentine- and quartz bearing talc-magnesite rocks), listvenites and birbirites are
approximate. The dashed line in a) shows the expected theoretical trend if all Mg is hosted in magnesite and all Si in quartz, which may reflect the effects of quartz or

magnesite dissolution (Qtz/Mgs diss.).
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Table 2
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Reactions involved in peridotite carbonation for the simplified (Fe)-Mg-Si-O-H-C chemical system.

Direct carbonation (CO»-domi d fluid)

Mg5SiO4 + 2 €055 = 2 MgCO3 + SiO,

R1

olivine + COg ,q = magnesite + quartz/chalcedony (listvenite)
2 MgsSi04 + 2 CO4,q = 2 MgCO3 + Mg»Siz0¢ R2
olivine + CO3,q4 = magnesite + orthopyroxene (sagvandite)

Stepwise hydration and carbonation reaction seq

e (COy-bearing aq fluid)

4 Mg5SiO4 + MgsSin06 + 7 HoO = 3 MgsSiaOs(OH)4 + Mg(OH), R3
olivine + orthopyroxene + H>0 = lizardite/chrysotile + brucite (serpentinization)

Mg(OH); + COz,2q = MgCO3 + H20

R4

brucite + COj,qq = magnesite + H,0 (ophicarbonate)

17 MgsSiz05(0H)4 + 3 CO4,5q = 3 MgCO3 + MgygSiz4Oss(OH)ez + 3 HaO R5
lizardite/chrysotile + COs,qq = magnesite + antigorite + H,0 (ophicarbonate)

2 Mg3Siz05(0H)4 + 3 COyaq = 3 MgCO3 + Mg3Sis010(OH); + 3 H0 R6*
lizardite/chrysotile + CO2,qq = magnesite + talc + H>0 (soapstone)

Mg3Si4010(0OH); + 3 CO34q = 3 MgCO3 + 4 SiO; + H,0 R7
talc + CO3,qq = magnesite + quartz + H,0 (listvenite)

Mg3SizO5(0H)4 + 3 CO24q = 3 MgCO3 + 2 SiO3 + 2 Ho0 R8**
lizardite/chrysotile 4+ CO2 qq = magnesite + quartz/chalcedony + HO (listvenite)

3 CO2,4q + 3H,0 = 3 HCO; + 3 H"
Mg,Si205(OH), + 3H" = 3 Mg*" + 2Si02,q + 3 OH™ + 2 H,0
3 Mg?* + 3 HCO; + 3 OH™ = 3 MgCO; + 3 H,0

2 8i03,4q = 2 SiOy

Important redox reactions

3 FeO (o1, opx) + H20 (+ CO2) = FezOy4 + Hpaq (+ Corg + CHy) R9
Fe?" in olivine/pyroxene + water = magnetite + hydrogen

Fe3O4 + C03aq = FeCOs + Fex0s

R10

magnetite + COz,qq = Fe?* in magnesite + hematite

(*) with antigorite instead of lizardite/chrysotile the product stoichiometry is approx. 2.65 magnesite

+1 talc.

(**) As an example and to illustrate the relation with pH, balanced sub-reactions of dissolution and
precipitation are given for reaction R8. Note that the choice of fluid species here is arbitrary, the sub-
reactions may also be formulated differently. Similar sub-reactions can be formulated for all other

reactions.

Elements). In addition, they are often enriched in fluid mobile trace
elements such as potassium —commonly hosted in Cr-bearing musco-
vites or kaolinite— and Li, Ba, Cs, Sr, Pb, As, and Sb (Boskabadi et al.,
2020; Godard et al., 2021; Hinsken et al., 2017). Sulfur can be enriched
in listvenites containing pyrite and other sulfides, which in turn may or
may not host precious metal enrichments such as Ag and Au (Emam and
Zoheir, 2013; Escayola et al., 2009; Qiu and Zhu, 2015). Fluid-mobile
major and trace element compositions typically show a large vari-
ability between different hand specimens of the same listvenite out-
crops. Except for Ca and Sr (both enriched in dolomite), systematic
correlations characterizing elements of similar affinities (e.g., K, Cs) are
rarely observed in listvenites. This may be due in part to the scarcity of
representative geochemical datasets on these rocks, which have been
analyzed mostly for characterizing ore-potentials (Au, Ag, Cu, Hg, ...)
with a focus on mineralized zones of high economical interest. This
variability complicates the interpretation of (trace element) geochem-
ical signatures unless clear correlations can be observed, for example
with deformation intensity (Qiu and Zhu, 2018).

2. Carbonation reaction sequence
2.1. Main carbonation reactions

Carbonation of ultramafic rocks can proceed via various reactions
(Table 2). Which reaction path carbonation follows depends on a variety
of factors such as the mineralogy of the precursor rock, P-T (pressur-
e-temperature) conditions, the fluid composition, and the amount of
fluid that interacts with a given volume of rock over time (i.e. the time-
integrated fluid-rock ratio, f/r). The detailed effect of these factors will
be discussed in subsequent parts of this contribution (sections 2.1-3.3).
As non-polar fluids like pure supercritical COy have a low relative

permittivity (dielectric constant) that does not favor dissolution of sili-
cates, carbonation progress requires an aqueous fluid consisting of a
mixture of HoO and COj. (COz4q in Table 2). We therefore refer
throughout the manuscript to the CO3,q concentration when using
terms such as COq-peridotite interaction or COg-bearing fluid.

If the fluid is COz-dominated (COy > Hy0), primary silicates like
olivine and pyroxenes may directly react to magnesite and quartz (e.g.
R1 in Table 2) or magnesite and enstatite (R2 in Table 2). Such CO»-
dominated aqueous fluids can form during metamorphism at elevated
temperatures and comparatively low pressures (e.g. > 500 °C, < 1 GPa)
(e.g., Groppo et al., 2022). More commonly, carbonation is caused by
infiltration of CO9-bearing aqueous fluid (where HoO > COy). In these
cases, the reaction pathway typically follows a stepwise sequence of
hydration and carbonation reactions (R3 — R8, Table 2). Low CO3 input,
either due to low COz-concentration in the infiltrating fluid or small
fluid/rock-ratios, leads to hydration of olivine and pyroxene, forming
lizardite/chrysotile and minor brucite (reaction R3). This hydration
reaction releases hydrogen due to oxidation of ferrous iron from olivine
and orthopyroxene to ferric iron in serpentine-group minerals and
magnetite (reaction R9). In presence of COg, serpentinization may form
magnesite instead of brucite (c.f. R4), and organic carbon compounds or
methane in detriment of hydrogen (R9). High COs supply due to
elevated COj-concentrations and higher fluid-rock ratios causes re-
actions that form increasingly Si-rich reaction products (antigorite, talc,
and quartz/chalcedony) as divalent cations are redistributed into car-
bonate (R5 - R8). The direct formation of listvenite from serpentine (R8)
is common in low-temperature settings where talc precipitation is
sluggish (< 130-150 °C). Carbonation experiments (Sieber et al., 2020)
have shown that direct replacement of serpentinite by quartz-magnesite
(R8 instead of R4 — R7; Table 2) may also occur at elevated temperatures
in domains of high CO; supply. This indicates that departures from a
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(rock-buffered) equilibrium reaction sequence with intermediate talc-
magnesite formation may also occur in nature where CO, concentra-
tions, instantaneous fluid-rock ratios and/or fluid replenishment are
high.

At the scale of the mineral-fluid interface, carbonation reactions are
commonly described as dissolution — precipitation reactions, as exem-
plified here on reaction R8 (Table 2). Dissolved COz,q dissociates into
bicarbonate (HCO3) and a proton (H"), which dissolves divalent ions (e.
8. Mg2+) and silica (SiO3,4) from the silicate. Bicarbonate then reacts
with Mg?" to precipitate magnesite, and eventually SiO2aq precipitates
as talc or, as formulated in R8, quartz or chalcedony. Each of the
carbonation reactions in Table 2 may thus be viewed as a set of disso-
ciation and precipitation reactions that locally buffer the composition
and pH of the infiltrating fluid.

2.2. Changes of phase proportions with progressive carbonation

To illustrate and understand the carbonation reaction sequence in
more detail, we calculated thermodynamic models that simulate the
interaction of COy-bearing fluid with ultramafic rocks describing the
stepwise conversion into listvenite over time as fluid flow continuous.
Compared to previous reaction path models of carbonation (Kelemen
et al., 2022; Klein and Garrido, 2011; Leong et al., 2023) that mostly
simulate batch-reactions (e.g. titration), our new calculations using the
infiltration-fractionation mode of the Gibbs energy minimization code
Perple X (Connolly and Galvez, 2018) are reminiscent of an idealized
flow-through reaction experiment. In these models, in each calculation
increment a small amount of fluid (here we chose 1 mol Hy0-CO5 fluid
with a molar proportion Xco2 = CO2/(CO2 + H30) of 0.029) is added
and equilibrated with the rock. As discussed later, the Xcoz of the
infiltrating fluid is a major unknown and can vary a lot; the value chosen
here is arbitrary but high enough for listvenite formation at the model
conditions. Subsequently, the remaining equilibrium fluid (outflow
fluid) is removed (fractionated) before addition of another fluid aliquot.
Modeling details are described in the Supplementary Material.

Fig. 3 shows the modeling results of progressive carbonation during
infiltration of COs-bearing aqueous fluid (Xcoz = 0.029) into initially 1
kg of harzburgite at 300 °C and 0.5 GPa. These conditions are within the
range of known common P-T conditions of natural listvenites (Table 1),
albeit somewhat arbitrarily chosen here for the purpose of illustration.
Because the models do not account for reaction kinetics, they have
limited applicability for low-temperature listvenites (< 130-150 °C; see
further discussion in section 3.2). The evolution of the mineral assem-
blage (Fig. 3 a) reflects the temporal reaction progress of serpentiniza-
tion (R3, Table 2) and carbonation (R4 — R7, Table 2) until all divalent
cations are eventually incorporated in carbonate. The model predicts
initial hydration of orthopyroxene to serpentine and talc followed by
hydration of olivine to antigorite and eventually magnetite and brucite,
reaching the maximum hydration state after infiltration of 0.15 kg fluid.
This hydration reaction sequence of orthopyroxene followed by olivine
is consistent with serpentinization experiments at similar temperatures
(Allen and Seyfried, 2003). Initially not much carbonate precipitates
because only small quantities of CO5 (~0.03 mol) are added to the
system in each fluid aliquot, and because some CO; is reduced to
graphite and/or CH, due to oxidation of FeO in olivine to magnetite (c.f.
R9in Table 2; in Fig. 3 a, graphite is predicted as trace amounts between
0.07 and 0.56 kg fluid infiltration). It is worth to note here that although
all iron in the initial rock composition was ferrous and we did not pre-
scribe any oxidation, the model attains already after 0.6 kg fluid infil-
tration a bulk rock Fe3* /Feota 0f 0.43 because the outflow fluids during
incipient carbonation contain reduced species (Fig. 3 b).

As the abundance of magnesite in the ophicarbonate assemblage
increases, hematite is predicted to replace magnetite (0.6-0.7 kg fluid in
Fig. 3 a; corresponding to reaction R10 in Table 2). The breakdown of
magnetite to hematite and Fe-rich magnesite at this reaction stage is the
main reason for the commonly observed concentric zoning patterns of
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Fig. 3. Evolution of phase proportions (a), outflow fluid composition (selected
species) (b), ApH (c¢) and cumulative mass and volume changes (d) with
increasing fluid-rock interaction during carbonation of harzburgite from infil-
tration modeling (P = 0.5 GPa, T = 300 °C, infiltrating fluid Xco2 = 0.029).

magnesite with respect to Fe contents (Decrausaz et al., 2023; Menzel
etal., 2018; Qiu and Zhu, 2018; Tominaga et al., 2017). At >0.8 kg fluid
infiltration, serpentine proportions decrease while talc and magnesite
become more abundant, forming soapstone (R6). With continuous
infiltration of CO2-bearing fluid, talc is consumed to form magnesite and
quartz (listvenite; R7) once infiltration exceeds 4 kg fluid per initially 1
kg harzburgite (Fig. 3 a). As we will discuss later, the minimum fluid
quantity required to form a specific assemblage of this reaction sequence
strongly depends on the CO; concentration of the infiltrated fluid.
Compared to the infiltration models, fluid quantities in nature will be
larger because CO; and divalent cations are expected to be progressively
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depleted from the outflow fluid by the simultaneously progressing
carbonation reaction fronts, which further release HoO due to serpentine
and talc dissolution. For example, the reaction of serpentine to
talc-magnesite (R6) may be driven by the modified outflow fluid after
listvenite formation (R7), which has a lower CO, concentration than the
externally-derived infiltrating fluid.

(a) high-T listvenite, Advocate Complex, Newfoundland
e 2 3 P 7 <2 TR §
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2.3. Evolution of fluid composition

The infiltration models show that the reaction sequence from
carbonated serpentinite to soapstone and listvenite will stronlgy alter
the equilibrium concentration of Si, Mg and C in the equilibrated
outflow fluid (the fluid that is fractionated in each calculation step).
S8i02,a4, CO2 and, to a lesser extent, HCO3 concentrations increase while
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Fig. 4. Reaction fronts related to listvenite formation. (a) High-T (> 280 °C) soapstone and listvenite carbonation fronts in the Advocate Complex, Newfoundland
(Menzel et al., 2018). (b) Micro-reaction fronts produced in high-T, high-P carbonation experiments (Sieber et al., 2020). (¢) Low-T (< 150 °C) ophicarbonate and
listvenite reaction fronts at Fanjah ridge, Samail ophiolite Oman. (d) Transition from serpentinite (green colors) to listvenite (red) in OmanDP Hole BT1B. (e)
Comparison of mineral modes versus bulk CO, content of natural high T listvenite suites from W-Canada by XRD (Cutts et al., 2021) and Newfoundland by mass-
balance (Menzel et al., 2018)), and fluid-infiltration modeling (solid and dashed lines respectively: harzburgite and dunite models at 300 °C, 0.5 GPa with infiltrating
fluid Xcoz = 0.029). (f) Mineral modes in low-T OmanDP Hole BT1B (Kelemen et al., 2020a) show a high discrepancy with models (here shown the same model as in
(e), mineral modes are predicted to be similar at lower T). Serpentine: green; talc; blue; magnesite: red; quartz: yellow. The models do not account for dolomite
(orange points); while magnetite/hematite (dark and light grey lines) are not reported in the natural datasets. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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MgO,q decreases in response to the changes in phase assemblage with
increasing fluid infiltration (Fig. 3 b). This is related to: (i) a progressive
acidification of the equilibrated outflow fluid with increasing carbon-
ation, from moderately alkaline pH in presence of brucite and serpentine
to mildly acidic in listvenite (Fig. 3 c; see also Fig. 12 in Oelkers et al.,
2018); and (ii) a major change in oxygen fugacity (fO), from high CH4
and H; concentrations during serpentinization and the interaction with
graphite- and magnetite- bearing ophicarbonate (< 0.56 kg fluid infil-
tration, Fig. 3 c) to increasingly more oxidized compositions with
ongoing carbonation. Once all Mg-silicates have reacted to magnesite
and quartz (i.e. listvenite), the COy concentration (and thus pH) of the
outflow fluid will no longer be controlled by a reaction that consumes
CO4 but by the infiltrated fluid. These pronounced differences in pH, fO,
and fluid speciation of equilibrated fluid in listvenite compared to ser-
pentinite favor selective entrapment of some fluid mobile trace elements
and metals (Godard et al., 2021), which likely is also part of the reason
why some listvenites have economic grade gold concentrations (Buisson
and Leblanc, 1985; Emam and Zoheir, 2013).

2.4. Mass and volume changes

Serpentinization and carbonation of peridotite are related to signif-
icant mass increase unless massive solute transfer occurs on a large
scale. Loss of major elements due to Mg, Ca, and Si bearing aqueous
complexes in the outflow fluid is predicted to be small at the modelled
conditions (Fig. 3 b). Major element loss may even be overestimated
here because infiltration of pure H;0-CO; is an endmember scenario
while in nature some dissolved species are already present in the infil-
trating fluid. Thus, unless other factors such as salinity or extremely high
fluid flux enhance element transfer relative to our model, hydration
during serpentinization and CO3 gain during listvenite formation need
to be balanced by volume expansion. Our exemplary model for a harz-
burgite protolith indicates a 44% volume increase during the initial
serpentinization reaction step (until 0.15 kg fluid infiltration), followed
by a nearly constant volume (+ 2-3 vol%) until all serpentine has
reacted to talc + magnesite (4 kg fluid infiltration). The nearly constant
volume during soapstone formation from serpentinite (reaction R6; see
also (Hansen et al., 2005; Sieber et al., 2020)) is due to concomitant
water release during this carbonation reaction and the higher density of
talc compared to serpentine. With reaction of talc to magnesite and
quartz (R7) the volume is predicted to increase by another 18-22%, such
that the full reaction sequence to listvenite amounts to a volume
expansion of >62% relative to dry harzburgite (Fig. 3 d). These model
predictions are in good agreement with volume expansion of 30-50% for
listvenite formation from partially hydrated peridotite (8.0-8.5 wt%
H,0) estimated from isocon mass balance of trace and major element of
Oman DP Hole BT1B listvenites (Godard et al., 2021). The inherent mass
increase is a major conundrum of listvenites, since reactive volume
expansion means that precipitates may easily clog fluid pathways and
thus inhibit further fluid infiltration and reaction.

2.5. “Frozen” reaction fronts

Reaction path models are useful tools to understand the chronolog-
ical evolution of carbonation progress, but bear no direct information on
the spatial relationships of fluid flux and reaction products. Time-series
experiments designed to capture different reaction extent (Sieber et al.,
2020) and reactive percolation (core flow through) experiments (e.g.,
Andreani et al., 2009; Osselin et al., 2022a; Peuble et al., 2015a, 2015b;
Peuble et al., 2019) can provide information on both temporal and
spatial evolution, but are limited to observations at the micro- to cm-
scales and over relatively short time periods (from a few days to weeks).
In natural listvenites and related carbonated ultramafic rocks spatial
relationships can be well investigated but the temporal evolution is not
directly accessible. In nature, “frozen” reaction fronts in the form of
mostly parallel lithological contacts are commonly preserved, for
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instance, of the sequence peridotite — serpentinite — ophicarbonate —
soapstone — listvenite (Fig. 4). The investigation of meso to micro-scale
relationships across these reaction fronts allows inferences about fluid
flow and reaction progress at large scale. The formation of growth
zoning in magnesite (Decrausaz et al., 2023; Menzel et al., 2018; Qiu and
Zhu, 2018; Tominaga et al., 2017) and cross-cutting relationships in the
different lithologies can further provide indirect information about the
temporal evolution in the natural rock record.

Reaction front contacts between (carbonate-bearing) serpentinite
and soapstone and, in case of low-temperature listvenites, ophicar-
bonate and listvenite are typically very sharp in field outcrops (Fig. 4 a -
d; see also e.g. (Beinlich et al., 2020a)). Similarly sharp reaction fronts
can be observed at the microscale in time-series experiments that did not
attain overall equilibration throughout the experimental capsule
(Fig. 4b) (Sieber et al., 2020). In contrast, soapstone — listvenite tran-
sitions and particularly serpentinization fronts are commonly more
gradual in the field. Reaction fronts may develop bi-symmetrically
around a central fluid conduit (as in Fig. 4b), but in natural listvenites
they are often asymmetric, with listvenite preferentially present at or
close to the contact between peridotites and adjacent rocks (Hansen
et al., 2005; Kelemen et al., 2022). In reacted porous cores of reactive
percolation experiments, only oxidation fronts are sharp whilst silica
and carbonate precipitation appear mainly controlled by local fluid
pathways and relative rates of reaction kinetics and fluid flow (e.g.,
Peuble et al., 2019; see Section 4).

Because magnesite abundance monotonously increases with fluid
infiltration (Fig. 3d), the CO content of the solid is a useful indicator of
reaction progress that allows comparison between models, experiments
and natural rocks. Fig. 4 e shows that the temporal evolution of modal
mineral proportions predicted by the fluid infiltration models generally
reflects the sequence of reaction fronts observed in nature at moderate to
high temperatures. Experiments show a very similar and consistent
sequence of assemblages and phase proportions (Sieber et al., 2018).
Uncertainties of the estimation of mineral modes by XRD (Cutts et al.,
2021) and pressure and temperature differences between the model
conditions and the natural case examples are responsible for minor
discrepancies but overall the match is remarkably good. This supports
the common interpretation of ophicarbonate — soapstone - listvenite
associations as the product of a single fluid infiltration event that de-
velops several, simultaneously advancing carbonation fronts. The nat-
ural data and model results also underline that pseudo-univariant
assemblages such as serpentine-talc-magnesite and magnesite-talc-
quartz are commonplace and act as CO5 and pH buffers in accordance
with reactions R6 and R7 (Table 2).

2.6. Synchronous hydration and carbonation?

If the protolith is only partially serpentinized or fresh, carbonation
may be related to synchronous hydration (Fig. 3) along an incipient
hydration front synchronous to carbonation. In this case, hydration may
be caused by the evolved, HyO-rich fluid after carbonate precipitation
happened further upstream, or coeval but faster than carbonation if the
COs, fluid concentration is not very high. The evolution of water content
and density with increasing CO3 content in natural rock suites related to
high-T listvenites (Fig. 5; Cutts et al., 2021) reflects a trend of initial
hydration with only scarce CO; uptake followed by coupled dehydration
and carbonation. Our infiltration models with the arbitrary choice of
infiltrated fluid X¢o2 = 0.029 are in good accordance with much of the
natural data (Fig. 5), indicating that the reaction sequence may include a
serpentinization front that advances synchronous to carbonation.
Models with very high CO, concentrations in the infiltrated fluid (e.g.
Xcoz2 = 0.5; “direct carb.” model path in Fig. 5) predict much less hy-
dration because olivine/pyroxenes are directly replaced by carbonate.
Natural carbonated peridotites with densities and volatile content along
this reaction path (e.g. 3-10 wt% CO2 and < 7 wt% H0 in Fig. 5 a) are
very uncommon, and at all reported natural listvenite occurrences



M.D. Menzel et al.

14 o W-Canada [1]
%, O Advocate [2]
b 2, P
12 -I ‘9/;6 Linnajavri [3]
X o“’v o Abitibi [4]
2 101 o i -==dunite model
2 N \\GQE%O‘:‘ -~ harzburgite model
S 8 o8 o -==Iherzolite model
< —~ SNl © X.0,=0.5 harzb. model
g ° &
Q 613 & &
< 4o s < oo
® = BE Carg,
44 g O~ et :$o° 011.9%,’
L o o 2
2 _é o edoa‘ o © L%‘p
\$ o 238
0 9 ¥ °° & ¢ @. R Tl
0 5 10 15 20 25 30 35 40
CO, in solids (wt%)
3300
3200
~ g9 %,
‘£ 3100 3 ‘@, )
> = S o carbonation (R7)
< 3000 {§ 2 o
= §o3 800 o
S 2900 2 =5 s © - "7 09
3 AN 5de) ob?g ) ©° o
< _sF Y e o o
8 2800 o) ,a’:;:’ O o o o ° o
x Qo ° o
3 2700 g ° o A_“a
(\0“0{ 00
2600 8 00"
2500 T T T T T T T
0 5 10 15 20 25 30 35 40

CO, in solids (wt%)

Fig. 5. Hydration and carbonation reaction paths traced by bulk rock H;O
content (calculated from loss on ignition minus COy) and density with
increasing CO, content in solid. For the plots we extended the compiled natural
data from W-Canada by [1] Cutts et al. (2021) with data from [2] Advocate
ophiolite, Newfoundland, Canada (Menzel et al., 2018), [3] Linnajavri, Norway
(Beinlich et al., 2012), and [4] Abitibi belt, Ontario, Canada (Schandl and
Gorton, 2012), and compare it with infiltration models. Infiltration model
conditions are 300 °C, 0.5 GPa, with infiltrating fluid Xco2 = 0.029. Natural
bulk rock densities are slightly lower in nature than predicted by the infiltration
models, likely due to the effect of porosity not accounted for by the model.
Other discrepancies are due to natural variations in Cr, Al and Fe content of the
protolith (particularly in case of Linnajavri), and different pressure and tem-
perature. Direct carbonation trends illustrated by a harzburgite model with
infiltrated fluid Xco2 = 0.5 only shows minor hydration, inconsistent with the
natural data from high-T listvenite suites.

where the relationship with the ultramafic protolith is preserved, a
serpentinization front exists in addition to the carbonation reaction
fronts (Table 1; Fig. 5). This suggest that either the protoliths were fully
serpentinized in a previous alteration event unrelated to carbonation
and at different P-T and fluid conditions (serpentinite protolith; c.f.
section 3.1), or that CO, concentrations of fluids causing listvenite for-
mation were comparatively rich in Hy0 and led to synchronous ser-
pentinization during the incipient reaction steps. Comparatively low
CO4, concentrations of the infiltrated fluid require high time-integrated
fluid-rock ratios, which in turn requires that permeability is sustained
or repeatedly renewed. Pervasive carbonation of a dry ultramafic pro-
tolith without prior or coeval serpentinization possibly only occurs in
nature in the case of sagvandites (Bucher and Stober, 2019; Ohnmacht,
1974).

3. Starting conditions and external parameters influencing
carbonation

Various factors influence whether carbonation of serpentinite
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completes to magnesite-quartz. In the following, we summarize and
discuss the influence of external parameters and the “starting” condi-
tions of carbonation, namely the protolith composition, pressure, tem-
perature, fluid composition and far field stress.

3.1. Protolith composition

Any ultramafic lithology composed predominantly of Mg-silicates (+
Mg—Ca silicates) may react to listvenite when in contact to fluids with
high CO; concentration (Fig. 3; Fig. 6). Common protoliths inferred in
natural examples are partially to fully serpentinized harzburgite (e.g.
(Hansen et al., 2005; Menzel et al., 2018)), interlayered harzburgite-
dunite and lherzolite (Godard et al, 2021), or metamorphic
antigorite-serpentinites (Beinlich et al., 2012; Hinsken et al., 2017). Less
commonly described protoliths are komatiites (Grosch et al., 2012;
Schandl and Gorton, 2012). The major element composition of the
protolith determines how much fluid is required to produce quartz-
—-magnesite and how much CO, can theoretically be bound by this
process. Infiltration models calculated with the same temperature,
pressure and infiltrated fluid composition show that quartz starts to form
at the lowest amount of fluid infiltration in komatiite (Supplementary
Fig. S1), and increasingly higher fluid-rock interaction in lherzolite,
harzburgite and dunite (Fig. 3; Fig. 6). Notably, serpentine is exhausted
after infiltration of ~3 kg X¢o2 = 0.029 fluid per kg rock at 300 °C in
lherzolite. At the same conditions, it disappears only after ~4.1 kg fluid
infiltration in dunite (Fig. 6), but with <2 kg fluid infiltration in
komatiite (Supplementary Fig. S1). These differences are due to the low
Mg/Si and elevated Al contents of komatiite and lherzolite (Supple-
mentary material), which stabilizes abundant chlorite and, once talc
reacts out, pyrophyllite. The carbonation capacity of a protolith thus
decreases with increasing Al contents because chlorite and clay minerals
remain stable in listvenite, making some komatiites and mafic rocks like
olivine gabbro and basalt less suitable for carbon sequestration. Our
thermodynamic modeling further shows that dunite can store slightly
more COz (35.0-35.5 wt%) than harzburgite or lherzolite (~32.5-33.0
wt%) by transformation of serpentine and talc into quartz and magne-
site. Carbonation of clinopyroxene in harzburgite, lherzolite and
komatiite will lead to the formation of Ca-bearing magnesite (Sieber
et al., 2022) and dolomite (Fig. 6 b), or, at low reaction progress, calcite
and tremolite (< 0.7 kg fluid infiltrated; Fig. 6 b).

Besides the protolith composition, the degree of serpentinization
prior to carbonation is an important factor. Because olivine and pyrox-
ene show faster reaction rates with CO, than serpentine (Grozeva et al.,
2017; Hovelmann et al., 2011; van Noort et al., 2013), comparatively
dry or only partially hydrated domains in ultramafic protoliths could be
preferential sites of incipient carbonation. However, at the reducing
conditions prevalent during serpentinization, olivine and pyroxene may
also react initially to serpentine while COs is reduced to CHy, formic acid
or other organic compounds (McCollom and Seewald, 2007), instead of
forming carbonate. The incipient reaction stage of dry or partially hy-
drated peridotite thus is related to a kinetic competition between ser-
pentinization and carbonation of primary silicates, controlled by the
CO4 concentration in the infiltrated aqueous fluid, the temperature and
the presence of catalysers like FeNi-alloys or Cr-spinel (Klein and
McCollom, 2013; McCollom and Seewald, 2007). In fully serpentinized
ultramafic protoliths, incipient carbonation may be controlled by the
distribution of brucite, which has fast reaction rates (Hovelmann et al.,
2012b). Most Al and Cr in serpentinized peridotite is typically hosted in
Cr-spinel, which commonly persists as rather unreactive relicts in list-
venite. In metamorphic antigorite-serpentinite protoliths, antigorite
contains significant Al and Cr, which will influence the carbonation
reaction as Al is partitioned into newly formed talc and chlorite (Sieber
et al., 2020), or - if infiltrated fluids contain dissolved Na or K - albite
and mica, respectively (Beinlich et al., 2012). Weathering of peridotite
before it reaches the depth and temperature of listvenite formation may
also alter the initial carbonation reaction pathway. Brucite dissolution,
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interaction during carbonation of (a—d) dunite and (e-h) lherzolite from fluid-infiltration modeling (P = 0.5 GPa, T = 300 °C, infiltrating fluid Xco2 = 0.029).

silicification, and formation of clay and Fe-hydroxides are typical for
lateritic weathering of peridotite (Beinlich et al., 2010; Beinlich et al.,
2018; Ulrich et al., 2014). While this reduces the carbonation potential,
previously weathered protoliths may have higher porosity that favors

fluid infiltration.

As illustrated above, a broad variety of protoliths — dunite, harz-
burgite, lherzolite, komatiite, and possibly also pyroxenites and olivine-
rich gabbro, to various degrees serpentinized — can be transformed into
listvenite. Hence, the initial bulk rock Mg/Si is not that critical for
listvenite formation, provided that olivine, pyroxenes and serpentine-
group minerals are abundant in the reacting material. More important
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parameters are the CO» supply, the infiltrating fluid composition, and a
sustained permeability.

3.2. Pressure and temperature

Numerous experimental studies have constrained the subsolidus
phase equilibria in the MgO-SiO2-CO2-H20 (+CaO + FeO + Al,O3)
system in dependence of pressure and temperature (Johannes, 1967,
1969; Koziol and Newton, 1998; Sieber et al., 2018; Wyllie et al., 1983).
These experiments show that in a reaction between Mg-silicates and
CO2,5q the minimum amount of CO; in the fluid required to produce
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Fig. 7. Fluid-saturated T-log(Xcoz2) pseudosections showing the relationships of pressure, temperature and fluid composition for listvenite and other carbonated
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Blencoe et al. (2001). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

magnesite decreases with pressure and increases with temperature. For a
given pressure, higher CO-concentrations in the fluid are required to
initiate carbonation as temperature increases. The relationships be-
tween pressure, temperature and CO, concentration in carbonated pe-
ridotites are best illustrated by fluid-saturated T-log(Xcoz) phase
diagrams for different pressures (Fig. 7), obtained by equilibrium ther-
modynamic modeling based on the experimental data. Although fluid is
considered here as a simplified binary CO»-H20 solution and several
effects of open-system fluid infiltration are not accounted for, T-Xco2
phase diagrams are a useful tool to understand listvenite and other
carbonated peridotite assemblages like soapstone, ophicarbonate, and
sagvandite as they can show: (i) the minimum Xco; of infiltrating fluid
required for listvenite formation at any given P-T condition, (ii) the
Xcoz of fluid equilibrated with a carbonated peridotite assemblage, and
(iii) phase changes and fluid evolution if listvenite or other carbonated
peridotites undergo prograde metamorphism.

Despite being a comparatively rare rock type, listvenites are stable at
a wide range of temperatures and pressures (Fig. 7). The minimum Xco2
of infiltrated fluid required for listvenite formation (purple lines in
Fig. 7) increases with temperature. Higher pressure has the inverse ef-
fect, stabilizing listvenite to higher temperatures. The highest temper-
ature at which listvenite may theoretically form at 0.1 GPa is 430 °C for
CO2-dominated fluid (X¢o2 > 0.8), or e.g. ~320 °C for Xco2 < 0.1 (solid
lines in Fig. 7 b). At 1.0 GPa, listvenite could theoretically form even at
>650 °C for Xcoz > 0.5, and at >400 °C for Xcoz > 0.01 (dotted lines in
Fig. 7 b). High-pressure (> 1 GPa) experiments confirm that listvenite
can form at such elevated temperatures in forearc conditions of sub-
duction zones, if CO, concentrations in the fluid are high enough (Sieber
et al., 2018; Sieber et al., 2022).

It is important to note in Fig. 7 that ophicarbonate, soapstone and
listvenite assemblages alone are not suitable to determine pressure or
temperature. This is only possible if the univariant assemblages
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antigorite-magnesite-brucite-olivine, antigorite-magnesite-talc-olivine
or magnesite-talc-quartz-enstatite are observed in equilibrium (pseudo-
invariant points il — i3, respectively, in Fig. 7) and one of the extensive
variables (P or T) is independently determined. Most assemblages
related to natural listvenites are divariant and thus do not permit
determination of pressure, temperature and fluid Xcoz. Temperature
estimates for listvenite formation usually rely on a combination of other
thermodynamic relationships in the host peridotite or the related
carbonated assemblages and fluid inclusion or clumped isotope
thermometry.

At temperatures below ~130-150 °C, talc formation (reaction R8)
becomes sluggish, thus talc-magnesite assemblages may be absent
despite being theoretically stable at >80 °C (Falk and Kelemen, 2015).
Very few of the listvenites from Oman DP Hole BT1B contain talc, while
quartz already occurs in serpentinite with comparatively low carbonate
content (Fig. 4 c, d, f). Thus, the coexistence of serpentine, quartz and
magnesite can be an indicator of low temperatures (Falk and Kelemen,
2015). Thermodynamic calculations that do not account for kinetic ef-
fects cannot fully simulate listvenite formation at low temperatures.
Further indications of low temperatures may stem from hematite-
graphite intergrowths (Kelemen et al., 2022) and precipitation of opal
and/or chalcedony instead of quartz (below ~90 °C) (e.g., Boschi et al.,
2009; Cipolli et al., 2004; Ulrich et al., 2014). At temperatures that
approach ambient conditions, hydromagnesite, diypingite, or nesque-
honite may form instead of magnesite (Oskierski et al., 2013; Power
et al., 2019).

At higher temperatures, the prograde reaction lizardite = antigorite
+ brucite in serpentinite may serve as a lower bound (T > 280 °C) if it
can be shown that magnesite replaces lizardite before brucite and that
this brucite is metamorphic (Menzel et al., 2018); the presence of
amphibole in listvenite (Nosouhian et al., 2016) or brucite dehydration
to metamorphic olivine in the host serpentinite (T = 380-460 °C) may
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further be a hint to elevated temperatures. Because carbonation re-
actions strongly increase the local equilibrium concentration of aqueous
silica in the fluid (Klein and Garrido, 2011), antigorite can be stabilized
over lizardite and chrysotile because it has lower Mg/Si. Thus, contrary
to the lizardite-antigorite transition of pure serpentinites in a closed
system (Schwartz et al., 2013), the occurrence of magnesite-bearing
antigorite serpentinite related to listvenite does not indicate elevated
temperatures (see also e.g., Falk and Kelemen, 2015).

While estimating the temperature of listvenite formation is chal-
lenging but possible, there are currently no independent methods to
constrain pressure — and thus, depth — from carbonated peridotite alone.
Pressure estimates of listvenite formation rely on the assumption or
knowledge of a regional geotherm combined with a temperature
constraint, or on deductions from adjacent meta-mafic or meta-
sedimentary units containing assemblages or mineral pairs that are
sensitive to pressure. In some cases, fluid inclusion barometry may be
possible if inclusions are large enough, their composition can be deter-
mined and an independent thermometer is available (Roedder and
Bodnar, 1980).

3.3. Composition of the infiltrating fluid

3.3.1. CO; concentration

Listvenite formation requires that COy in the infiltrating fluid is
higher than the equilibrium CO; concentration buffered by the
magnesite-quartz-talc assemblage (reaction R7 in Table 2; purple lines
in Fig. 7) at the relevant temperature and pressure. Thermodynamic
modeling (Fig. 7) and experiments (Johannes, 1969) show that, in
principle, listvenite formation has no upper Xco2 limit. An exception is
fluid immiscibility in the CO2-HyO system at low temperature and
pressure (e.g. < 270 °C at 0.1 GPa; Fig. 7) that limits the possible X¢o2 of
aqueous COy-bearing fluid coexisting with (wet) supercritical CO; or gas
(Blencoe et al., 2001).

The difference in CO; concentration of the infiltrated fluid compared
to that of the outflow fluid equilibrated with the carbonated peridotite
assemblage determines the theoretical minimum quantity of fluid that is
necessary to achieve a certain extent of carbonation. Complete conver-
sion of 1 kg harzburgite into listvenite requires addition of about 11.3
mol (nearly 0.5 kg) CO,. With an X¢oz of 0.029 (=1.55 mol CO3 / kg
fluid) of the infiltrated fluid as chosen in our infiltration models (Fig. 3),
this would require 7.3 kg of infiltrated fluid if all CO; is fixed in car-
bonate, or ~ 7.8 kg fluid when accounting for carbon that remains in the
outflow fluid (“Tlc out™ in Fig. 3). If the infiltrated fluid contains a third
of that CO5 concentration (Xcoz =~ 0.01; i.e. 0.54 mol CO; / kg fluid),
which is closer to but still higher than the equilibrium X¢o2 of the
magnesite-talc-quartz assemblage at the model conditions (Xco2
0.0032; c.f. Fig. 7), >24 kg of fluid would be necessary to convert 1 kg
harzburgite into listvenite (i.e. a flux-integrated fluid/rock ratio of >24).
Likewise, conversion of 1 kg harzburgite into soapstone consisting pre-
dominantly of talc and magnesite requires addition of about 6 mol (or
0.24 kg) of CO4 (“Atg out” in Fig. 3). Listvenites and soapstones are thus
indicative of high fluid fluxes.

Inferring the exact CO, concentration of the infiltrating fluid from
natural listvenites is challenging; usually only the minimum can be
estimated with some confidence. Based on the progression distance
between the soapstone and listvenite reaction fronts and using the time-
integrated flux equation by Ague (1998), Beinlich et al. (2012) esti-
mated that for a temperature of 275 °C the infiltrating fluid causing
carbonation at Linnajavri had an Xco2 of 0.08-0.01 assuming pressures
of 0.1-0.3 GPa, respectively. However, the estimation of Xcoz of the
infiltrating fluid using the progression distance of reaction fronts builds
on the simplifications that infiltrated fluids are composed of pure H,0O
and CO» and that time-integrated fluid flux was equal and unidirectional
across all reaction fronts, while fluid flow may be more complex in
nature. A different approach is to estimate the CO5 fluid concentration
that the inferred source rock (e.g. meta-sediments) can potentially attain
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at the estimated P-T conditions (Kelemen et al., 2022), but this requires
good knowledge about the CO3 source(s) as well as P and T. Primary
fluid inclusions entrapped in growing magnesite or quartz could provide
further insights if their composition can be determined (Schandl and
Naldrett, 1992). Nonetheless, fluid inclusions have the caveat that they
may record not the infiltrated disequilibrium fluid that drives carbon-
ation, but effects of fluid immiscibility or fluid compositions that are
partially or fully equilibrated with the reacting assemblage or the host
mineral.

3.3.2. Cationic aqueous species and pH

Besides COg g, the infiltrated fluid can contain dissolved carbon in
the form of bicarbonate (HCO3), carbonate (CO%’), or cation-carbonate
complexes like NaHCO3 5q or CaHCO3. The concentration of such elec-
trolytic carbon-bearing complexes depends on the P-T conditions, pH,
dissolved non-volatile element concentrations, and chlorinity. The ef-
fects of these variables during listvenite formation are not straightfor-
ward. Chlorinity and the presence of solutes in CO2 bearing aqueous
fluids will decrease CO3,q concentration at any P-T condition (e.g.,
Duan and Sun, 2003). In turn, dissolved NaCl increases divalent cation
concentrations and thus carbonate solubility (Manning et al., 2013).
Thus, fluid speciation affects reaction pathways during carbonation. For
example, NaHCO3 54 in solution may indirectly promote carbonation
because it significantly reduces the amount of Mg?" required to exceed
the solubility product of magnesite (Chen et al., 2006). On the other
hand, NaHCO3 54 in the infiltrated fluid only contributes directly to
carbonation if a coupled process accounts for the released sodium, such
as increasing pH of the outflow fluid (formation of NaOH ,¢) or precip-
itation of a Na-bearing solid. However, Na-bearing phases such as albite
are rather rare in listvenites (Beinlich et al., 2012). Preliminary calcu-
lations suggest that Na™ in the outflow fluid is commonly accommo-
dated by HCO3 to attain charge balance, thus the direct role of charged
carbonate species during carbonation is likely limited.

Bicarbonate and carbonate concentrations are higher at more basic
pH, however, dissolution rates of olivine and serpentine strongly
decrease with increasing pH (Cipolli et al., 2004; Daval et al., 2013;
Oelkers et al., 2018). Infiltration or mixing of Mg- or Ca-bearing bicar-
bonate fluids with elevated pH may indeed form carbonates in ultra-
mafic rocks, as inferred for example for vein formation in weathering
horizons (Mervine et al., 2014; Ternieten et al., 2021a) and oceanic
ophicalcites (Grozeva et al., 2017), but is unlikely to cause effective
dissolution and pervasive replacement of olivine and serpentine by
magnesite and quartz. On the other hand, dissolution of olivine and
serpentine is much more effective in moderately acidic, CO3 aq-bearing
aqueous fluid, causing the release of Mg2+ and SiOzq (Daval et al,,
2013). This locally buffers pH to more basic conditions such that CO5 »q
transforms to bicarbonate and/or carbonate ions, which in turn enables
carbonate precipitation while SiO2 ,q may precipitate as talc or quartz
(R8* in Table 2).

Selective enrichments in fluid mobile elements and metals, specif-
ically in alkali and alkali-earth elements, compared to their protoliths
are typically observed in listvenites, indicating that infiltrating reacting
fluids were solute-bearing non ideal solutions (e.g. Godard et al., 2021).
While less common than magnesite-dominated listvenite, formation of
dolomite-rich and sometimes calcite-bearing listvenites in various pla-
ces indicates that Ca-bearing aqueous fluids can play a role in some
carbonation settings (Amarbayar et al., 2023; Austrheim and Andersen,
2023; Falk and Kelemen, 2015). In carbonation experiments of natural
weathered peridotite performed in an Na-Ca-Cl-CO2 aqueous solution,
Hovelmann et al. (2011) observed that Mg was leached into the solution
because magnesite was undersaturated and dolomite formation was
kinetically inhibited compared to calcite. In contrast, Na-Cl-CO» fluids
led to magnesite precipitation. These observations suggest that the for-
mation of dolomite- or calcite-dominated listvenites may be due to the
presence of CaCl, in the infiltrating fluid, suppressing magnesite pre-
cipitation due to the formation of MgCly in the fluid. Alternatively,
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secondary infiltration of CaCly bearing fluids may cause dolomite or
calcite to replace previous magnesite in listvenite (Amarbayar et al.,
2023). Because knowledge about the composition and speciation of the
infiltrating fluid causing carbonation is usually lacking, the influence of
chlorine-bearing complexes on natural listvenite formation is not yet
fully understood.

3.3.3. Oxygen fugacity (fO2)

Methane or hydrogen in the infiltrating fluid, derived from serpen-
tinization of adjacent peridotites or from organic-carbon bearing source
rocks, may cause a bulk rock reduction during listvenite formation.
Because carbonation is related to partitioning of Fe into magnesite and,
typically, hematite (R10 in Table 2; Fig. 3), the internally buffered fO,
drastically increases, in some cases potentially reaching the sulfide-
sulfate buffer (Frost, 1985). Thus, any reduced species in the infil-
trating fluid are likely to become oxidized, with a coupled reduction of
Fe3t in magnetite, hematite or serpentine to Fe" in magnesite. This
process may explain decreasing bulk Fe3+/Femtal ratios with carbonation
and the formation of hematite-absent listvenites, as observed in some
places (e.g. Decrausaz et al., 2023; Menzel et al., 2018) and in piston-
cylinder experiments (Sieber et al., 2020). Oxidation of methane in
response to the reaction of CO, with Fe-oxides and Mg-silicates may thus
present another carbon input, although subordinate to COx ,q.

3.4. Far-field stress & deformation

Tectonic stress and deformation may alter the microstructure and
permeability of the ultramafic protolith in a way that favors CO,-influx
and carbonation. In particular shear zones are sites of enhanced fluid
flow and reactivity, because deformation can create connected pore
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networks and increase reactive surface areas due to pulverization or
dynamic recrystallization. Fresh peridotites deform by brittle fracturing
at T < 600 °C, which allows percolation of aqueous fluid along the
fractures, causing serpentinization. In major shear zones, this can lead to
locally complete serpentinization and a related change in deformation
style to brittle-ductile mechanisms controlled by the comparatively
weak serpentine-group minerals. The higher permeability along ser-
pentinized shear zones compared to partially serpentinized or fresh
peridotite may enhance infiltration of COy-bearing fluids. Serpentinite
fault zones (e.g., Angiboust et al., 2014; Quesnel et al., 2016; Tarling
et al., 2019) or pre-conditioned peridotites damaged by brittle defor-
mation are thus likely the most favorable sites for listvenite formation.

4. Feedback processes influencing reactivity, porosity and
permeability

For the carbonation to continue over time, fluid flow and CO, con-
centration must remain high enough, and reaction zones must be
permeable. Carbonation progress may be limited by reaction (i.e.
dissolution, nucleation and/or crystal growth rates) or transport pro-
cesses (the continued supply of reactants, most importantly CO9, with
the aqueous fluid). Chemical (reaction) and hydrological (transport)
processes are coupled to thermal and mechanical (deformation) pro-
cesses during carbonation, leading to non-trivial feedback mechanisms
that depend also on the externally controlled “starting” conditions
(Fig. 8 a & b). Part of the complexity of these feedbacks during listvenite
formation is due to the mineralogy changing with reaction progress and
due to their spatial and time scale dependency, resulting in micro-
environments. Thus, a multitude of simultaneous, coupled thermo-
hydro-mechanical-chemical (THMC) processes (e.g., Steefel et al.,
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2005) is causally related to listvenite formation, and strongly influences
effective reaction rates, fluid flow paths and the final carbonation as-
semblages and microstructures (Fig. 8 showing only of selection of
possible feedbacks). We propose that the interplay of these processes
and their spatio-temporal evolution is the key to why in some cases
carbonation stagnates (because reactive volume expansion clogs
porosity, c.f. section 2.4), while in other cases the protolith completely
transforms into carbonate-quartz (because porosity and fluid flow are
maintained or renewed). In the following, we discuss the effect of
different processes and feedback mechanisms with a focus on whether
they may enhance or inhibit carbonation reaction progress.

4.1. Dissolution, nucleation and crystal growth

Carbonation reactions can be described as the dissolution of the
parental Mg-silicate, and the nucleation and growth of the reaction
products through precipitation (“reaction” in Fig. 8 b). The progress of
dissolution and precipitation reaction then primarily depends on the
saturation state of each phase, as the degree of oversaturation controls
the nucleation rate as well as type and rate of crystal growth. Besides
temperature and further external parameters, the saturation state
strongly depends on fluid composition, particularly pH, which in turn is
a function of the CO; concentration that drives reaction progress (section
2.3). However, as CO» fluid concentration decreases with precipitation
of carbonate and dehydration of serpentine or talc, dissolution, nucle-
ation and crystal growth all depend on continued CO, supply and thus
on fluid transport processes (Fig. 8 b). Experimental investigations that
aim to determine carbonation reaction kinetics (e.g., Daval et al., 2013;
Lacinska et al., 2016; Oelkers et al., 2018; Saldi et al., 2013) are usually
designed to avoid rate limitations due to transport processes, using
powdered samples suspended and mixed in a large fluid reservoir. These
experiments show that dissolution kinetics influenced by temperature,
pH (or CO; concentration), surface area, and grain morphology, but that
they depend also on the mineralogy: they are the highest for oxides
(MgO) and hydroxides (brucite) and decrease with increasing silica
content from forsterite, to serpentine and pyroxene (Kelemen et al.,
2011; Matter and Kelemen, 2009). Precipitation of magnesite is
controlled by similar parameters, and may be enhanced if Fe-bearing
magnesite forms instead of pure MgCOj3 (Saldi et al., 2013) and
through catalytic effects of minor and accessory phases like chromite or
Ni-sulfides. Compositional heterogeneities as well as the distribution of
minerals with high carbonation affinity (e.g., brucite) and of minor
phases with catalytic effects thus influence where carbonation in a
natural rock commences.

Depending on the respective saturation states and kinetics of the
different minerals, dissolution and precipitation can occur in-situ via
interface-coupled replacement, or spatially decoupled, meaning that one
or several reaction products precipitate in sites different from where
dissolution of the Mg-silicate occurred. Spatial decoupling of dissolution
and precipitation of the reaction products is typically observed during
core flow-through experiments, revealing that different mechanisms
control dissolution and precipitation in reactive domains (e.g., Andreani
et al., 2009; Peuble et al., 2015a, 2015b). The crystallographic orien-
tation of minerals, often anisotropic (olivine, serpentine), predomi-
nantly influences dissolution kinetics, whilst the fluid composition and
thus the interplay between reaction kinetics and solute transport control
precipitation (Peuble et al., 2015a).

Spatial decoupling of precipitation of the reaction products can
—similar to incongruent dissolution— lead to the precipitation of mono-
mineralic layers of amorphous silica, sheet-silicates, or Fe-hydroxides.
Such often nano-scale coatings are a major concern in many carbon-
ation experiments because they can be impermeable and shield the
reacting Mg-silicate from further contact with CO, and thereby inhibit
reaction (e.g., Andreani et al., 2009; King et al., 2010). However, if such
layers hamper mineral dissolution is not conclusive as in some experi-
ments Si-rich layers remained fluid permeable (Hovelmann et al.,
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2012a), and the field record preserves no clear evidence that passivating
layers are a major barrier for listvenite formation in nature.

Deformation can influence carbonation reaction mechanisms
because strain-induced grain size reduction —e.g. by cataclasis or dy-
namic recrystallization— changes the reactive surface area of the dis-
solving Mg-silicate. Deviatoric stress causes local pressure perturbations
in multi-phase assemblages with heterogeneous mineral strength, and
leads to variations in surface energies depending on the surface orien-
tation relative to the stress field. Stress related to deformation therefore
has a direct impact on dissolution processes (known as pressure-solution
or dissolution-precipitation creep; e.g., Malvoisin and Baumgartner
(2021)) and favors spatial decoupling of dissolution and precipitation
during reaction (Putnis, 2021) because it contributes to heterogeneous
dissolution, nucleation and growth rates in different microstructural
sites. Stress may further significantly alter nucleation and growth
mechanisms during reactions (Gilgannon et al., 2023). The details of
these effects are not yet well understood for carbonation.

Determining which parameters controlled dissolution, nucleation
and precipitation mechanisms in fossil and heterogeneous natural sys-
tems is challenging. Detailed microstructural and textural analysis of
listvenite and associated carbonated rocks shed some light onto these
processes, although usually not quantitatively. For instance, different
consecutive stages of crystal growth recorded by variable crystal habits
in zoned magnesite and quartz may indicate systematic variations in
saturation state. This process is for example documented in the Oman DP
BT1B listvenites (Beinlich et al., 2020b; Menzel et al., 2022b), where
zoned magnesite grains with euhedral crystal habit in the core have
dendritic growth structures at their rims, suggesting a change from
predominantly equilibrium to disequilibrium growth (Fig. 9 a). In other
samples, rims with euhedral crystal facets overgrow “cauliflower”-
textured and porous magnesite cores (Beinlich et al., 2020b). As illus-
trated well by cathode-luminescence microscopy, quartz in the BT1B
listvenites also commonly shows different crystallization habits in
dependence of saturation states, ranging from dendritic growth, facetted
growth (Fig. 9 b), radial chalcedony aggregates to globular aggregates
(Menzel et al., 2022a; Menzel et al., 2022b). The latter may represent
recrystallization of initially amorphous silica precipitation. Similar
variations in crystal habit between different growth stages are common
in listvenites elsewhere (Menzel et al., 2018; Qiu and Zhu, 2018;
Tominaga et al., 2017). Such changes between equilibrium and
disequilibrium growth stages, in some cases possibly also with inter-
mittent partial carbonate dissolution, indicate changes in fluid compo-
sition, fluid flow rate, or both. We speculate that local, possibly
oscillatory fluctuations between under- and oversaturated states due to
dynamically changing pore pressure, fluid flow paths and pH may
enhance growth rates of dolomite and magnesite, particularly during
low temperature carbonation. Such oscillations may have a large impact
on carbonate growth, as evidenced experimentally for dolomite pre-
cipitation at ambient conditions (Kim et al., 2023).

4.2. COg transport and fluid flow — general considerations

Listvenite formation in nature is strongly controlled by transport
processes because reaction progress requires continued COy supply.
Transport of CO,, H20 and other dissolved components in aqueous fluid
occurs by diffusion and advection, with the main driving forces being
chemical and hydrological (pore-fluid pressure) gradients, respectively.
To allow efficient mass transfer, both diffusion and advection require an
interconnected porosity that is sustained or renewed despite the volume
expansion by precipitation of the carbonation reaction products.
Because reactions of brucite, serpentine and talc with CO release water
(Table 2), carbonation reaction progress would stagnate if the equili-
brated fluid is not removed and replaced by new COs-bearing fluid.
While serpentinization consumes the fluid and can proceed to comple-
tion at comparatively low fluid/rock ratios if fluids are HyO-rich (Fig. 3),
listvenite formation requires much higher fluid/rock ratios and
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Fig. 9. Examples of microstructures indicative of THMC processes during carbonation, including (a + b) crystal growth, (¢ + d) solute transfer and (e-g) porosity
renewal by deformation. (a) Change from euhedral equilibrium to dendritic disequilibrium growth of magnesite; cross-polarized micrograph of Oman BT1B listvenite
16-3:28-31 from Menzel et al. (2022b). (b) SEM-cathodoluminescence image showing radial disequilibrium quartz precipitation (dark) followed by facetted growth
(bright); after Menzel et al. (2022a). (¢) Pseudomorphic quartz aggregate after bastite/orthopyroxene, showing local Mg redistribution; Oman BT1B listvenite
56-4:17-21. (d) Magnesite-rich listvenite with fuchsite vein resembling a stylolite, showing Si leaching; cross-polarized thin section scan of Advocate listvenite Adv-
09 in Menzel et al. (2018). (e) Digitized hierarchical vein pattern of olivine serpentinization (after Iyer et al., 2008) in comparison to conjugate/anastomosing
magnesite vein patterns in Oman BT1B listvenite (Menzel et al., 2022a). (f) Nano-porosity formation by creep cavitation through top-to-right shear and bending of
serpentine grains; broad-ion-beam polished SEM image, OmanDP serpentinite Hole BA1B, 81-2:76-81. (g) TEM bright-field image of inclusion-free magnesite re-
precipitation (Mgs*) along a nano-crack related to a low-angle boundary (LAB), showing porosity renewal by nano-fracturing; Oman BT1B listvenite 14-3:65-66

from Menzel et al. (2022b).
sustained permeability.

4.2.1. COy transport vectors and fluid flow

To understand reaction progress and the related development of
parallel advancing reaction fronts during peridotite carbonation, it is
useful to consider first the macroscale fluid flow geometry, i.e. how COy
is supplied to the reaction fronts. As idealized endmembers, carbonation
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reaction may be driven by CO diffusion in the aqueous fluid phase
(scenario A in Fig. 10) or by advective fluid flow (B & C in Fig. 10).
Advective flow can be separated into two principal vectors, normal and
lateral with respect to the orientation of the advancing reaction fronts (B
and C, respectively, in Fig. 10).
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temporal (b) and spatial (c) evolution of peridotite carbonation across simultaneously advancing reaction fronts. Details about the temporal evolution and related
volume changes (AV): see Figs. 3 & 6. The idealized plots in (c) show the X¢o» for reaction and transport limited carbonation progress across the reaction fronts, with
the stepwise profile corresponding to the equilibrium Xco of reactions R3 - R7 (Table 2); and the integrated flux (Qr) corresponding to the endmember scenarios of
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the different reaction products (Fig. 4).

(A) In principle, the formation of listvenites and related carbonation

(B

~

reaction fronts does not require advective fluid flow but could
result from CO; diffusion in the aqueous pore fluid along a
chemical gradient between peridotite and an adjacent country
rock with high CO, chemical potential (scenario A in Fig. 10). As
long as there is interconnected porosity filled with an aqueous
fluid film, diffusion can supply CO- also in the absence of a hy-
drological gradient (i.e. in a stagnant fluid) or with very low fluid
fluxes (Qg in Fig. 10). This process might play an important role
during the development of micro-reaction fronts in carbonation
batch experiments where diffusional distances are short,
although some advective fluid flow may also occur (Sieber et al.,
2020). Provided there is enough time and that the interconnected
porosity does not become clogged, diffusive mass transfer might
also form carbonation reaction fronts at a large scale. A similar
process has been suggested for the formation of metasomatic
zones in metamorphic rocks, such as blackwalls (Brady, 1977).
In the end-member case of advective fluid flow normal to reaction
fronts (scenario B in Fig. 10), and assuming that fluid is
comparatively water-rich (CO2 < H20), time-integrated fluid flux
would be similar in all reaction zones apart from where serpen-
tinization consumes fluid.

A consequence of this simplified advective fluid flow geometry
is that —unless the fluid is extremely CO-rich— the zone of fully
serpentinized peridotite should be much wider than that of list-
venite. For instance, with a fluid Xcoz of ~0.03 as used in our
models (Fig. 3), each kg peridotite transformed to listvenite
would be related to full serpentinization of about 70 kg of dry
peridotite. This would mean that a 40 m wide listvenite layer
should be accompanied by a ~ 3 km wide zone of completely
serpentinized peridotite if all fluid was consumed by the fluid-
rock interaction (using densities of 2700 and 2940 kg/m3 for
serpentinite and listvenite, respectively). Such a setting may be a
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feasible explanation for some natural occurrences (Beinlich et al.,
2012), but unlikely in cases where comparatively fresh peridotite
is preserved not far from listvenite (Falk and Kelemen, 2015).
Part or much of the advective fluid flow may be lateral, parallel to
the orientation of the reaction fronts (scenario C in Fig. 10). Thus,
the different reaction zones would record different time-
integrated flux, with decreasing flow rates further away from
the main fluid conduit. This flow geometry is likely important in
listvenites that form preferentially in vicinity to high-
permeability fluid conduits like lithological contacts, fractures,
or fault or shear zones, because lateral fluid flow is enhanced
along-strike of such structures. Possibly lateral flow is also
enhanced along the reaction fronts themselves, in particular
where the lithological change implies a rheological contrast. The
occurrence of parallel veins and localized, fluid-induced defor-
mation at the reaction fronts may indicate an important lateral
flow component.

In some cases, simplified models (e.g. diffusion-only) may be justi-
fied as first-order estimates. However, natural systems are structurally
heterogeneous while fluid flow is inherently transient. Fluid flow and
CO, transfer in these reactive domains are likely best described by a
combination of these endmember scenarios, with a substantial temporal
and spatial variability.

4.2.2. Transport and porosity in heterogeneous microstructures

On the macro-scale, advective fluid flow along high-permeability
zones such as fractures or lithological contacts likely predominantly
controls the CO5 supply. Fluid flow along a fracture may repeatedly vary
between stagnant phases and advective flux in response to cyclic pore
pressure variations typical for fault zones (Garofalo et al., 2023).
Pervasive carbonation on the other hand depends on the micro-scale
porosity of the rock matrix (Fig. 10). There, permeability is lower and
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carbonation may become increasingly controlled by diffusion-driven
CO, transfer within interconnected but comparatively stagnant pore
fluid. Advective fluid flow is expected to be minimal in stagnant “dead-
ends” and isolated pores, and along nano-scale interfaces like grain
boundaries and nano-cracks, where CO5 supply to the reactive surfaces
is entirely controlled by diffusion (Fig. 10 a). At the nano-scale,
boundary layer and nano-confinement effects become important,
which change the electric permittivity (and in turn the mineral satura-
tion states) and hydrodynamic properties of aqueous fluid in comparison
to a non-confined bulk fluid at otherwise the same conditions (e.g., Cole
and Striolo, 2019; Emmanuel and Ague, 2009; Escario et al., 2018). In
particular serpentines show a large range of grain shapes, ranging from
platy to fibrous and tubular habits. Nanopores are ubiquitous in ser-
pentinites (Beinlich et al., 2020b; Malvoisin et al., 2021; Tutolo et al.,
2016), with pore shapes depending on the crystal form of the different
serpentine polytypes and brucite (Chogani and Pliimper, 2023).

These different structures from multiscale fractures to nano-porosity
control fluid renewal in pores and at the mineral interfaces, and thus in
turn reaction pathways and effective carbonation rates that depend on
the linkages between transport and reaction kinetics. This leads to the
development of different spatially, hydrodynamically and chemically
distinct micro-environments (Steefel et al., 2005) in which fluid flow
and reactivity may vary significantly within a single sample as a function
of grain size, grain shape anisotropy, and crystal habit of olivine/py-
roxene, serpentine-group minerals or talc, as well as the corresponding
size, shape and connectivity of pores. The different serpentinite micro-
structures like serpentine-magnetite (+brucite) mesh veins around
serpentine or relict olivine in mesh cores, bastite serpentine pseudo-
morphs after orthopyroxene, and commonly various serpentine vein
generations, thus represent different micro-environments with hetero-
geneous porosity structure, hydrodynamic properties, and carbonation
affinity. The details of these effects are not yet fully understood for
carbonation reactions as these complex reactive systems are difficult to
investigate from the natural rock record and challenging to model.

Reactive percolation experiments (Andreani et al., 2009; Osselin
et al., 2022a; Peuble et al., 2018; Peuble et al., 2019) can provide in-
sights to better understand the complex coupling between fluid flow
rates, flow paths, fluid chemistry and reaction kinetics. These experi-
ments approach hydrologically realistic conditions of the carbonation
process, where over time large volumes of fluid with comparatively
constant composition infiltrates and percolates the core sample (high
time-integrated but comparatively low instantaneous fluid/rock ratios;
reminiscent of scenario B in Fig. 10 c). However, none so far was able to
reproduce complete carbonation to listvenite, likely primarily due to
time limitations. Nonetheless, these experiment show the influence of
fluid flux properties on incipient carbonation. Most importantly, these
experiments show that carbonation processes and rates vary strongly
depending on the flow rate in different texture and porosity domains of
the reactive rock (Andreani et al., 2009; Peuble et al., 2018) (c.f. Fig. 10)
and the development of micro-environments within a single core sample
(Peuble et al., 2015a, 2015b). The highest flow rates and supply of CO2
occur along macro-scale fractures and veins. However, in these domains
high experimental flow rates may easily inhibit local chemical equilib-
rium if fluid velocity is faster than dissolution and precipitation kinetics.
In interconnected micro-scale fractures and pores, flow rates are lower
than the experimentally controlled overall flux. There, transport be-
comes predominantly diffusive, and dissolution and precipitation may
take place at the same place, but the carbonation rates are accordingly
lower. Consequently, differences in fluid flow rate at different scales
affect the local solution chemistry, which in turn affects precipitation of
secondary phases that may or may not clog porosity in different textural
domains.

In natural systems, the incipient fluid flow and carbonation reaction
rates are also scale dependent and vary as a function of the pre-existing
porosity structure inherited from serpentinization. With consumption of
serpentine and precipitation of the reaction products, the nano- to micro
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porosity evolves dynamically, influenced by various thermo-hydro-
mechanical-chemical (THMC) feedback processes that control the
resulting grain and pore structure of soapstone and listvenite.

4.3. Porosity renewal by dissolution and solute transfer

Theoretically, listvenite formation could proceed isochemically with
respect to non-volatile elements. However, as time-integrated fluid-rock
ratios can be very high, changes in major element composition of the
solid due to solute transfer need to be taken into account. Such changes
are controlled by different dissolution kinetics of different minerals,
differences in nucleation and growth kinetics, and by the fluid compo-
sition and its speciation as a function of pressure, temperature and fluid
flux (Fig. 8). Removal of mass through dissolution and transfer into
passing fluids may locally produce the porosity required for continued
fluid flux and prevent clogging of permeability by volume expansion as
some reaction products precipitate further downstream. This may occur
if dissolution rates of the parental phase and fluid flow rates are higher
than nucleation and/or growth rates of the products (Putnis, 2015), or
when two product phases that are expected to form by carbonation — e.
g. magnesite and quartz — have significantly different solubility in the
present fluid. For example, Mg?" released by dissolution of Mg-silicate
may under certain conditions precipitate in-situ as magnesite whereas
S8iOy,5q is transported away from the reaction interface and deposited
elsewhere, as observed in some carbonation experiments (Grozeva et al.,
2017; Lacinska et al., 2017; Peuble et al., 2015a; Sieber et al., 2022). If
during the direct replacement of serpentine by quartz and magnesite (R8
in Table 2) >50 mol% of SiO5 ,q dissolved from serpentine is transported
away with the fluid (< 50% precipitating as quartz), the volume change
of reaction becomes negative and porosity is created. In the extreme case
for R8 of no in-situ precipitation of quartz, leaching of SiO3,q may
theoretically create up to 22% porosity. Thus, dissolution and precipi-
tation can become spatially decoupled, with porosity created at the
interface due to mass removal by the percolating fluid. Porosity renewal
by solute transfer appears to be more common at lower temperatures
because equilibration between the different minerals and fluid is more
sluggish, which favors decoupling of dissolution and precipitation.
Other factors that may substantially enhance porosity renewal by
dissolution and solute transfer are chlorinity and fO5 of the percolating
fluid (Manning et al., 2013; Tiraboschi et al., 2017).

The effect of solute transfer on carbonation reaction progress may be
explored through the predicted solubility of different major elements in
the different carbonated assemblages leading to listvenite. For example,
at the conditions of our infiltration models (Fig. 3 b, Fig. 6 b), Mg loss
into the outflow fluid leads to intermittent volume decrease during
incipient carbonation of dunite to ophicarbonate (Fig. 6 b & d). Thus,
brucite dissolution may create porosity during this reaction stage. In
soapstone and listvenite assemblages, instead Si loss may produce some
transient porosity because equilibrium SiO,,q concentrations increase
with carbonation progress (Fig. 3 b, Fig. 6 b). However, for Si removal to
significantly accommodate some of the volume expansion of the reac-
tion from talc to magnesite-quartz, lower COy concentrations in the
infiltrated fluid and accordingly much larger integrated fluid/rock ratios
than in our models would be necessary. Besides the integrated f/r, the
influence of solute transfer in each specific case strongly depends on
pressure, temperature, and infiltrated fluid composition (see also section
3.3; and Klein and Garrido (2011) for low-P conditions).

Flow-through percolation experiments that use olivine powder or
dunite as a starting material have shown that direct carbonation of
olivine or orthopyroxene grains can proceed to some extent through
porosity formation by dissolution (e.g. etch pits) and the development of
reactive boundary layers at grain boundaries and along micro-fractures
(Hovelmann et al., 2012a; Peuble et al., 2018), a process typical of
pseudomorphic replacement by interface-coupled dissolution-precipi-
tation (Putnis, 2015). However, in these experiments carbonation easily
stagnates because porosity along fractures and grain boundaries clogs by
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precipitation of serpentine, carbonate, or amorphous silica (Hovelmann
et al., 2012a), due to the large solid volume increase of >44% of olivine
carbonation to magnesite and quartz (R1, Table 2; Kelemen et al., 2011).
Prior serpentinization reduces the volume increase related to listvenite
formation to 18-20% (Figs. 3 & 6). Thus, porosity may be more easily
maintained during carbonation of serpentine in comparison to fresh
olivine.

In natural samples, investigating the length scales of chemical het-
erogeneities in listvenites and related rock types relative to the inferred
protolith composition can provide insights into the effect of solute
transfer (e.g., Fig. 2; Fig. 9 c). For example, while the average Mg/Si of
the Oman DP BT1B listvenites is similar to that of the harzburgite and
lherzolite protoliths (Godard et al., 2021; Okazaki et al., 2021), there is
significant variability of Mg/Si at the scale of bulk rock chemistry
samples (Fig. 2 a). In particular, rocks with intermediate CO, bulk rock
contents (e.g. 20-30 wt%) have a substantially lower Mg/Si compared to
the protolith compositions. This decrease in Mg/Si for listvenites with
moderate CO; content may be due to local silicification (replacement of
serpentine and talc by quartz, with porosity renewal due to leaching of
Mg) during the final stage of carbonation, or the result of preferential
magnesite dissolution during secondary alteration. In the Oman DP
BT1B listvenites, much of the leached Mg likely precipitated again in
veins, forming carbonate-rich listvenite domains with high Mg/Si (data
points with Mg/Si > 1.8 in Fig. 2 a).

On the hand specimen and thin section scale, mono-mineralic
patches and veins are clear indicators of local solute transfer through
selective dissolution and/or precipitation. Pseudomorphic replacement
structures — a common feature of peridotite carbonation (Andreani et al.,
2009; Hovelmann et al.,, 2011; Sieber et al., 2022) — are ideal to
constrain the length scales and controlling factors of solute transfer
because they are signs of interface coupled dissolution precipitation
processes (Altree-Williams et al., 2015; Putnis and Putnis, 2007), in
contrast to secondary precipitation unrelated to listvenite formation.
Spectacular pseudomorphic patches of quartz intergrown with minor Cr-
bearing muscovite and/or kaolinite after orthopyroxene/bastite in the
Oman DP BT1B listvenites (Fig. 9 c) are evidence for local removal of Mg
and preferential precipitation of quartz. This kind of chemical hetero-
geneity cannot be explained solely by the lower Mg/Si of orthopyroxene
and bastite in comparison to olivine and mesh serpentine, nor by solid-
state diffusion, but requires locally pervasive solute transfer during the
final stage of listvenite formation. Similar signs of porosity creation by
solute transfer are evident in early antitaxial magnesite veins in Hole
BT1B, which represent the incipient reaction stage of carbonation (i.e.
formation of carbonate-bearing serpentinite prior to listvenite forma-
tion). Much of these veins passively overgrow oxides in the matrix
without signs of further dilatant opening, forming micro-reaction fronts
from an initially dilatant fracture through replacement of serpentine by
magnesite and leaching of SiO3,q by the fluid (Menzel et al., 2022a).
Thus, in spite of carbonate precipitation, reactive fluid flow is sustained
because selective dissolution locally causes solid volume decrease. A
similar process has also been inferred as an important mechanism pro-
moting porosity renewal and carbonation at the plate-interface of sub-
duction zones (Okamoto et al., 2021).

Because carbonation progress depends on CO, reaching the respec-
tive reaction fronts, an important question is to which extent listvenite,
once formed, remains permeable. He-porosities in ophicarbonate,
soapstone and listvenite from Linnajavri, Norway, vary between 0.5 and
3.8%, without obvious correlation with the degree of carbonation
(Beinlich et al., 2012). In Oman DP Hole BT1B, porosity in 2 cm? sample
cubes ranges from 0.3 to 6.8% (mean: 2.8%) in listvenite compared to
6.7-13.5% (mean: 10.0%) in carbonate-bearing serpentinite (Kelemen
etal., 2020a). Post-mortem micro-tomography of samples from high P-T
carbonation experiments also showed significant porosity within the
reaction products (Sieber et al., 2020; Sieber et al., 2022). Although
measured porosities at ambient conditions may not be equal to the fluid-
filled porosity during reaction and the exact relationships between
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porosity and permeability are uncertain, it appears evident that perva-
sive fluid percolation from the fluid source to the reaction fronts may
proceed to some extent through listvenite. Our thermodynamic fluid
infiltration models (Fig. 3; Fig. 6) predict that continued reactive fluid
flux after complete carbonation to quartz-magnesite may lead to a slight
solid mass and volume decrease, suggesting that solute transfer can
sustain or newly create porosity in listvenite. Thermodynamic modeling
indicates that fluid equilibrated with listvenite has a molar Mg/Si > 1.5
at temperatures <150-180 °C (Supplementary Fig. S2), meaning that
magnesite is predicted to be more soluble than quartz, in comparison to
higher temperatures where fluid Mg/Si < 1, i.e. quartz is more soluble.
Thus, porosity renewal in listvenite could proceed by selective dissolu-
tion of either magnesite or quartz. In the extreme case, this may produce
magnesite-rich listvenite at high temperatures (Fig. 9 d) (Menzel et al.,
2018) and quartz-rich assemblages -birbirite — at low temperatures
(Aftabi and Zarrinkoub, 2013; Akbulut et al., 2006; Austrheim et al.,
2021; Okazaki et al., 2021; Stanger, 1985). This systematic difference
between low and high-temperature carbonation is independent of
pressure (Supplementary Fig. S2), and in good agreement with
carbonation reaction-path models at lower pressure (10-100 MPa; Klein
and Garrido, 2011).

4.4. Porosity renewal by deformation

Deformation is a key process renewing porosity during peridotite
carbonation through various localized —e.g., fracturing and vein for-
mation— and distributed mechanisms, such as creep cavitation, dilatant
granular flow and transformation weakening. We group the latter pro-
cesses here under the term “reaction assisted ductile deformation”.
Because deformation is only rarely accounted for in carbonation models
and experiments (Lisabeth et al., 2017), our understanding of the in-
fluence of stress and strain on the evolution of reactive porosity during
listvenite formation largely relies on interpretation of the microstruc-
tural record of natural listvenites. To obtain a well-supported interpre-
tation from natural listvenite, it is imperative to identify those structures
that formed during carbonation reaction (e.g., Menzel et al., 2022b),
while filtering out structures formed later by overprinting processes (e.
g., Menzel et al., 2020b). Furthermore, it is useful to consider that
deviatoric stresses are not directly visible in the microstructural record,
and that small amounts of strain (e.g. 5-10%) may leave little trace in
rocks but nonetheless have a substantial impact on the hydrodynamic
evolution during carbonation.

4.4.1. Fracturing and vein formation

The most obvious record of deformation-induced porosity renewal
during listvenite formation is precipitation of the reaction products
along veins formed by fracturing. Vein formation during carbonation
can be caused by reaction-induced fracturing, externally imposed tec-
tonic far-field stresses and deformation, or a combination of both.
Reaction-induced fracturing can occur during reactions with major
volume expansion, where the crystallization pressure (i.e. the volume
strain caused by crystal growth) results in local gradients in deviatoric
stress (Rgyne and Jamtveit, 2015). Experimental, field and modeling
studies indicate that this process can create hierarchical fracture net-
works that allow sustained fluid flux despite volume expansion during
hydration of periclase to brucite (Pliimper et al., 2022; Uno et al., 2022;
Zheng et al., 2018) and serpentinization of olivine (Farough et al., 2016;
Macdonald and Fyfe, 1985; Rudge et al., 2010). Similarly, reaction-
induced fracturing has been suggested to enhance carbonation of
olivine (Kelemen and Hirth, 2012; Zhu et al., 2016). Reaction-induced
fracturing is however inhibited if mean stresses are too high (Guren
et al., 2021; Zheng et al., 2018).

Veins, often of multiple generations, are commonplace in listvenites
(Beinlich et al., 2012; Kelemen et al., 2020a; Menzel et al., 2018), but
their characteristics and formation mechanisms are rarely investigated
in detail. In listvenite of Hole BT1B, Oman, several vein generations
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formed coeval to carbonation reaction progress (Menzel et al., 2022a).
With the exception of pseudomorphic vein networks after serpentine
mesh, the patterns of these veins are not hierarchical but parallel or
conjugate (Fig. 9 e). This indicates an important influence of tectonic
stresses, in combination with pore pressure variations, on fracturing and
vein formation (Menzel et al., 2022a), consistent with the observation
that the listvenites occur along a major shear zone, similar to many
listvenites elsewhere (Table 1). Deviatoric stress from volume expansion
possibly contributed to fracturing, but that is masked by the effects of far
field stresses. Once formed, veins are compositional and rheological
heterogeneities with a different response to deviatoric stress compared
to the rock matrix. This may cause dilatant deformation and fluid flux to
localize along vein-wall rock interfaces, forming micro-scale reaction
fronts and pathways to supply the serpentinite matrix with the CO5
necessary for pervasive replacement (Menzel et al., 2022a).

4.4.2. Reaction assisted ductile deformation

Dilatant granular flow and creep cavitation are ductile (i.e.,
distributed) deformation mechanisms that are known to form porosity
and enhance fluid flow in natural shear zones (Fusseis et al., 2009). In
particular creep cavitation during grain boundary sliding and in the
strain shadow of porphyroclasts may thus act as a fluid pump (Fusseis
et al., 2023; Fusseis et al., 2009). In serpentinite, ophicarbonate and
soapstone, bending and kinking of sheet silicates like brucite, lizardite,
antigorite and talc can be viewed as a form of creep cavitation that
creates nano-porosity channels within the nano- to micro-scale hinges
(Fig. 9 f). Creep cavitation by bending is more likely to occur where
relatively harder secondary phases (e.g. Fe-oxides, Cr-spinel, magnesite,
quartz) phases impede basal sliding of the sheet silicate, and if elevated
pore pressures facilitate locally dilatant rather than compressive shear.
These conditions are to be expected during carbonation influenced by
external stress within a shear zone, representing a mechanism of
porosity renewal that may sustain or enhance carbonation reaction
progress. Similar to mylonitic shear zones (Fusseis et al., 2023), micro-
porosity may further open preferentially in strain shadows of Fe-oxide
and Cr-spinel porphyroclasts as well as of newly formed magnesite, if
listvenite formation is synkinematic. Pervasively foliated listvenites of
Hole BT1B in the Samail ophiolite contain clear microstructural evi-
dence of synchronous carbonation and ductile deformation (Menzel
et al.,, 2022b). In addition to the discussed mechanisms of dynamic
porosity renewal, these listvenites show porosity formation by inter-
granular nano-cracking within single magnesite grains, which is man-
ifested in inclusion-free = magnesite re-precipitation along
crystallographic low-angle boundaries (Fig. 9 g) (Menzel et al., 2022b).
Although a localized deformation mechanism at the small scale, electron
backscatter diffraction mapping showed that such low-angle boundaries
are widespread in magnesite grains of these listvenites, suggesting that
on a larger scale nano-cracking may be considered a ductile phenome-
non in this situation.

Crystal plastic deformation and dissolution-precipitation creep in
serpentinite, soapstone and listvenite can also anneal porosity, thus
inhibiting pervasive infiltration of COy-bearing fluid. Although critical
for fluid-rock interactions and carbonation, the structure and evolution
of micro- to nanoscale porosity in variously carbonated serpentinite
during deformation is not well understood.

Carbonation reaction progress in turn directly affects the rheology
and deformation style. Natural examples and experiments suggest that
rocks can become substantially weaker while undergoing reaction,
compared to both the protolith and the reaction products (Stiinitz et al.,
2020; Urai and Feenstra, 2001). This transient process is known as
transformation weakening and could also be active during peridotite
carbonation (Fig. 8). Similarly, the intermittent formation of talc-rich
assemblages during listvenite formation (Fig. 3; Fig. 6) is anticipated
to enhance ductile deformation during this reaction stage. The reaction-
assisted ductile deformation observed in Hole BT1B listvenites indicates
that deformation microstructures typically attributed to comparatively
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high-temperature processes such as dislocation creep (shape and crys-
tallographic preferred orientations as well as low-angle boundaries) can
be formed at very low temperature due to oriented crystal growth and
dissolution-precipitation under deviatoric stress and anisotropic fluid
flow in foliated serpentine (Menzel et al., 2022b). These results also
underline that the conversion into listvenite is related to a change in
rheology, which cause a change from apparent ductile deformation
during pervasive fluid flux and transformation, to likely more brittle
deformation behavior once serpentinite is fully carbonated to magnesite
and quartz. Deformation microstructures in listvenites are therefore not
suitable to directly infer temperature variations or different phases of
fluid flow based on classical interpretations of deformation mechanisms,
as proposed in some studies (e.g. Gahlan et al., 2022), unless a very
detailed microstructure and texture analysis combined with thermom-
etry is done.

4.5. Effective carbonation rates

A critical question about listvenite formation is the time scale of CO»-
fluid-rock interaction, which is intimately linked to the dissolution,
nucleation and precipitation kinetics as well as to fluid flow rates. The
overall rate of carbonation progress can be determined experimentally
through the amount of reaction products forming over different time
intervals, or by monitoring changes in the reacting fluid composition.
The carbonation rate is controlled by the slowest, rate-limiting process.
In simplified terms, carbonation progress may be either reaction-limited
or transport-limited. This competition is commonly expressed in terms
of the first Damkohler number (Da), which is a measure of the residence
time of fluid at the reaction interface versus the kinetic equilibration
timescale. In case of reaction-limited carbonation (Da — 0), dissolution,
nucleation, and/or precipitation rates are slower than CO, (and solute)
transfer. Thus, the infiltrated pore fluid that drives the reaction could
have significantly higher Xco2 than the expected equilibrium value
(Fig. 10 c). If carbonation is transport-limited (Da — ), the CO5
transfer in fluid is the limiting factor (Fig. 8 b) and the CO2 concentra-
tion in fluid in each reaction zone will tend to approach the equilibrium
Xcoz of the respective assemblage (Fig. 10 c). In this case, the width of
reaction zones should be rather narrow unless flux has a strong lateral
component or infiltrated CO, concentration varied.

The overall rate of mineral carbonation is influenced by a multitude
of factors, most importantly processes that enhance or reduce porosity
and supply of CO; to the reaction interface and their respective rates
(sections 4.2 & 4.3), the mineralogy, CO, concentration in the fluid,
temperature, pH, and grain size. Therefore, the rate limiting process will
vary throughout the temporal and spatial evolution of single systems.
Different simultaneously progressing carbonation reactions may have
different rate-limiting processes because dissolution-precipitation ki-
netics and transport properties differ between the various minerals
involved. For instance, the common scarcity or complete lack of talc-
magnesite rocks (soapstones) in low-temperature listvenites (Table 1;
Fig. 4 d, e) suggests that at < 150 °C carbonation of serpentine to
magnesite-talc is kinetically inhibited, i.e. reaction-limited. In such
cases, listvenite formation can proceed through the direct replacement
of serpentine by magnesite and quartz/chalcedony (R8 in Table 2). This
carbonation pathway is best explained by reaction overstepping due to
high COs-concentrations sustained by fast fluid replenishment. Den-
dritic growth microstructures of magnesite, chalcedony precipitation
instead of quartz and the occurrence of quartz-magnesite replacement
veins in partially carbonated serpentinite (Beinlich et al., 2020b; Menzel
et al., 2022a; Menzel et al., 2022b) can be indicators of high over-
saturation during dominantly transport-limited, direct carbonation of
serpentine to listvenite at low temperatures.

There is a large body of experimental studies reporting carbonation
reaction rates, at a wide range of P-T conditions, starting materials and
fluid compositions and using different experimental approaches (e.g. see
literature compilations of olivine carbonation rates in Miller et al., 2019,
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and Sendula et al., 2021). However, many carbonation experiments
designed to estimate reaction rates are often not representative of nat-
ural listvenite formation because they commonly use powdered samples,
which additionally may be suspended and stirred in solution. Such ex-
periments avoid or minimize transport-limitation of reaction progress
due to clogging of porosity because the volume of sample + initial fluid
is similar or larger than the volume of the solid reaction products +
reacted fluid. Accordingly, carbonation rates in experiments using cores
(natural and/or rock analogues) as starting material are at least 20-100
times slower than similar experiments with powders (Andreani et al.,
2009; Osselin et al., 2022a; Peuble et al., 2015a, 2015b, 2018, 2019;
Sieber et al., 2018; Sieber et al., 2020; Sieber et al., 2022). Experiments
at elevated P-T conditions (550-650 °C, 1-2 GPa) and high CO, con-
centrations show fast effective carbonation rates of peridotites and
serpentinites also in non-powdered starting material, with full replace-
ment in ~0.1 to 1.1 mm wide magnesite-talc reaction zones within <1
to 8 days (Fig. 4 b) (Sieber et al., 2020; Sieber et al., 2022). An experi-
ment at 375 °C of the same authors showed substantially lower
carbonation rates. Experimental studies at lower temperatures (70-200
°C) achieved carbonate bearing reaction zones in sample cores on the
order of several pm to ~100 pm in width, even after one to eight months
run time (Hovelmann et al., 2012a; Lacinska et al., 2017). Reaction rates
obtained from in-situ monitoring magnesite formation by Raman spec-
troscopy on synthetic COy-rich fluid inclusions (i.e. batch micro-
reactors) in olivine are even slower (Sendula et al., 2021). Thus, based
on these experiments, carbonation reaction fronts may propagate with
velocities in the order of ~0.001 m/yr or less at low temperatures (<
200 °C) to 0.05-0.8 m/yr at high P-T (550-650 °C). As experiments
have ideal conditions for carbonation with respect to CO, concentration
and fluid quantity, effective carbonation rates in nature are likely lower.
Deducing carbonation rates in natural rocks is much more challenging.
By adjusting the timescales of diffusion-reactive transport models to fit
the observed sharpness of the serpentinite to soapstone reaction front at
Linnajavri, Beinlich et al. (2020a) inferred that the studied 2.6 m wide
talc-magnesite zone had formed in a timescale as short as 20 to 130
years. This corresponds to a propagation velocity of the reaction front of
0.02 to 0.13 m/yr, several orders of magnitude faster than in low

(a) Host rock devolatilization

(b) Fluid ascent from deep-seated devolatilization
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temperature (< 200 °C) experiments (Hovelmann et al., 2012a), and
similarly fast as in experiments at >550 °C (Sieber et al., 2020). How-
ever, soapstone at Linnajavri formed at ~300 °C and likely significantly
lower COz fluid concentration (Beinlich et al., 2012) compared to ex-
periments. Both soapstone formation at Linnajavri and the discussed
high-P carbonation experiments mainly regard the transformation of
serpentinite to talc-magnesite, a reaction step that is not related to any
major volume expansion (Fig. 3 d; Fig. 6 d). Effective rates of listvenite
formation may therefore be significantly different, and more strongly
influenced by other factors such as advective fluid flux, strain rate and
the related rates of porosity renewal.

5. CO; fluid sources and geodynamic settings

The provenance of the CO,-bearing aqueous fluid causing listvenite
formation and the geodynamic context are often unclear and subject to
interpretation. As outlined before, the fluid needs to meet two principle
requirements to potentially form listvenite: (i) a CO, concentration
higher than that corresponding to the X¢oy of the talc-magnesite-quartz
equilibrium, and (ii) a sufficiently high time-integrated fluid flux (or
sufficiently high length and time scales of CO, diffusion). While modern
seawater and groundwater is abundant close to the surface and can
indeed lead to carbonate precipitation in peridotite (e.g., Bach et al.,
2011; Ternieten et al., 2021a), they have too low CO, concentrations to
drive the reaction of talc-magnesite to magnesite-quartz. Therefore,
such fluids will not form listvenite even when heated to temperature
favorable for magnesite precipitation — unless there is a process that
enriches them in COj. In line with this consideration, most natural case
studies of listvenites infer based on field, isotopic and geochemical in-
dications that carbonation was caused by interaction with metamorphic
or magmatic-metamorphic fluids (Table 1). In some cases, listvenite
formation is thought to have occurred due to mixing of deep CO5 with
shallower aqueous fluids (Table 1). We thus discuss here three idealized
settings where the required CO, concentration and quantity of fluid to
form listvenite may be achieved in nature: (a) release of CO»-bearing-
fluid due to devolatilization of source rocks adjacent to peridotite,
implying that fluid production and carbonation occurred at similar P-T

(c) Fluid mixing
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conditions (Fig. 11 a; section 5.1); (b) ascent of CO»-bearing-fluid from
deep-seated devolatilization, rising over substantial length scales such
that fluid production and peridotite carbonation are spatially decoupled
and may have occurred at different P-T conditions (Fig. 11 b; section
5.2); and (c) mixing of comparatively shallow HyO-rich fluid with
ascending, deeper-sourced COy-rich fluid (Fig. 11 c; section 5.3).

5.1. COg-bearing fluid from host-rock devolatilization

Metamorphic devolatilization and infiltration-driven devolatiliza-
tion of carbonate + organic carbon bearing meta-sediments are
commonly considered as the CO; source (Table 1). Metamorphic devo-
latilization refers to the fluid release by dehydration and decarbonation
reactions upon heating, such as illustrated for example by the reaction
typical for impure marbles:

3 calcite + tremolite = dolomite + 4 diopside + H,0 + CO
[ £5i03,49, CaHCO5™,HCO5™, .|

Instead of a prograde temperature increase, decarbonation reactions
are also triggered by infiltration of HyO-rich aqueous fluid (e.g. fluid
released from a carbonate-free lithology). This process is commonly
referred to as infiltration-driven decarbonation. In both cases, the
released fluid will contain electrolytic solute components (formed by
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aqueous dissociation, i.e. dissolution) besides molecular volatile species.
The relative proportions of HoO and CO; (i.e. X¢o2) and solutes in the
fluid depend on P, T, the composition of the rock’s equilibration volume,
and, in case of an externally derived fluid, the infiltrated fluid compo-
sition. Devolatilization fluids vary strongly (e.g. Xco2 may range from
10°° up to 0.7), with a general trend of low X¢o2 at high P and low T (e.
g. blueschist-facies conditions) and increasingly higher Xco2 towards
low P and high T (Connolly and Cesare, 1993; Kerrick and Connolly,
2001). At high pressure conditions (> 1 GPa), dissolved carbon in the
form of charge electrolytic complexes become increasingly important
because the relative permittivity of water decreases with increasing T
but increases with P (Galvez et al., 2015; Sverjensky et al., 2014). The
heat necessary to trigger the metamorphic or infiltration-driven release
of water and CO, from the source rock may originate from burial/
thrusting (and thermal re-equilibration of the thus perturbed geotherm),
subduction, orogenic metamorphism, or magmatic intrusion.
Thermodynamic modeling helps to understand which lithologies are
suitable CO» sources and which tectono-metamorphic settings are
favorable for listvenite formation. Our new modeling as well as previous
work indicate that mixed carbonate-silicate meta-sediments like calcs-
chists can produce CO2-rich fluids during metamorphism (Groppo et al.,
2022; Kelemen et al., 2022; Leong et al., 2023) and therefore are ideal
COy sources. Such rocks can produce particularly COz-rich fluid if they
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the COy-bearing fluid produced by a graphite-calcschist in dependence of P and T, expressed as contour plots of the difference of Xco2 between source rock and
carbonated harzburgite (dXco2). Red colors indicate conditions where Xcoz of the sedimentary source fluid is higher than that required for the soapstone (Atg-Tlc-
Mgs) or listvenite (Qtz-Tlc-Mgs) equilibria at the same P-T. (c¢) and (d): Xco» of the graphite-calcschist fluid (dashed line) in comparison to XCO2 required for
different carbonated assemblages in harzburgite, along the subduction and hot orogenic P-T paths shown in (a) and (b). Subduction path: intermediate-type slab top
PT-path of Colombia-Ecuador from van Keken and Wilson (2023); hot orogenic P-T path after Groppo et al. (2022). See text for further discussion and supplementary
material for modeling details. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

23



M.D. Menzel et al.

additionally contain organic carbon or graphite, which may also be
mobilized by oxidative dissolution (Tumiati et al., 2020). X¢oz of fluids
in equilibrium with graphite-calcschist is low at blueschist-facies con-
ditions and increases strongly towards upper greenschist and
amphibolite-facies conditions where various metamorphic reactions
occur (c.f. Supplementary Figs. S3 and S4). This trend is typical of meta-
sediments in general (Kerrick and Connolly, 2001). In contrast, fluid
equilibrated with pure calcite or limestone/marble has too low CO,
concentrations that are predominantly controlled by dissolution, and
will not form soapstone or listvenite when interacting with peridotite
(Leong et al., 2023). Fig. 12 shows P-T diagrams of the fluid X¢o2 pro-
duced by devolatilization of a graphite and carbonate bearing calcschist
relative to that required to form soapstone (Fig. 12 a) and listvenite
(Fig. 12 b) (see supplementary material for modeling details). The Xco2
of caleschist fluid is higher than that corresponding to the antigorite-
talc-magnesite equilibrium in peridotite for most metamorphic condi-
tions (red colors in Fig. 12 a;), whether along subduction or orogenic
collision P-T paths (Fig. 12 ¢ & d). Thus, soapstone formation can be
explained by CO; release from adjacent rock units at the same P-T
conditions as peridotite (c.f. Fig. 11 a). Soapstone can form rather in-
dependent of depth and becomes more feasible at higher temperatures
(higher dXco2 in Fig. 12 a means less fluid is needed). Somewhat
counter-intuitively, based on our models, listvenite formation through
CO;, release from adjacent meta-sediments — without fluid cooling and
large scale transport — appears not feasible at greenschist to amphib-
olite facies conditions despite the rather high X¢o2 of graphite-calcschist
fluids. This is because fluid equilibrated with the magnesite-quartz-talc
assemblage has even higher Xco2, thus other processes are required to
permit listvenite formation at these metamorphic conditions. On the
other hand, CO,-concentrations of fluid produced by equilibrium
devolatilization of adjacent graphite-calcschists are high enough to
permit listvenite formation during subduction metamorphism (Fig. 12 b
& c). While proposed for some listvenite occurrences (Table 1), definite
proof of listvenite formation in subduction zones is lacking so far in the
natural rock record due to the difficulty to constrain pressure and depth
of carbonation. However, evidence from soapstones and ophicarbonates
in exhumed subduction melanges and high-pressure metamorphic
complexes (Herviou and Bonnet, 2023; Peng et al., 2020; Scambelluri
et al., 2016; Spandler et al., 2008), experiments (Sieber et al., 2018;
Sieber et al., 2022) and thermodynamic models (e.g., Fig. 12) clearly
show that carbonation of forearc mantle wedge peridotites is not only
possible but to be expected.

5.1.1. A case example of an inferred local CO2 source: Linnajavri, Norway

The soapstones and listvenites of Linnajavri, Norway, are a
comparatively well studied case example of serpentinite carbonation
where the COy-bearing fluid is inferred to have derived from adjacent
meta-sediments (Beinlich et al., 2020a; Beinlich et al., 2012; Tominaga
et al., 2017). This interpretation is based on the observations that the
Linnajavri soapstone and, in places, listvenite lenses crop out at the
contact between variably carbonated serpentinite lenses and the sur-
rounding carbonate-micaschist, and that carbonate-quartz veins in the
latter rocks have similar 180 and '3C as magnesite and quartz in the
carbonated serpentinite (Beinlich et al., 2012). More definite evidence
is, however, still lacking, and the CO, concentration and fluid quantity
that carbonate-micaschist might have produced at the estimated P-T
conditions of carbonation (275-300 °C, 0.3 GPa) are unclear. Assuming
that the CO; concentration of fluid equilibrated with carbonate-
micaschist at these conditions is similar to that of our modelled
graphite-caleschist (Xco2 = 0.003, Supplementary Fig. S4), host rock
devolatilization can explain soapstone formation at Linnajavri, but not
listvenite formation (Fig. 12 a, b). This modelled CO3 concentration of
graphite-calcschist fluid at the conditions of carbonation at Linnajavri is
significantly lower than the minimum required for listvenite at these
conditions (Xcoz > 0.010; Beinlich et al. (2012)). Besides CO5 concen-
trations, it is further important to consider the carbon mass balance. The
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soapstones at Linnajavri are estimated to a total mass of at least 100 Mt.
(Lindahl and Nilsson, 2008), corresponding to 0.034 km® soapstone or
> 16 Mt. sequestered CO; for an average CO; content of 16 wt% (c.f.
Fig. 5 b). With an Xcoz of 0.003 of infiltrated fluid (=~ 7.3 g COy/kg
fluid), this would require >22 kg fluid for each kg soapstone, or overall
>2200 Mt. fluid. Even when assuming a high fluid production of 5 wt%
from devolatilization of graphite-calcschist, fluid from >16.24 km® of
metasediment would need to interact with serpentinite to form the
outcropping volume of soapstone (assuming densities of 2.95 and 2.70
g/cm? for listvenite and meta-sediment, respectively). In other words,
formation of a 10 m thick soapstone layer would require devolatilization
of a 4.7 km meta-sediment column for these boundary conditions (1.4
km meta-sediment when assuming Xco2 = 0.01 of the infiltrating fluid),
and about the double for the same thickness of listvenite. It appears thus
unlikely that simple settings of advective fluid infiltration due to
devolatilization of adjacent meta-sediments during sub-greenschist
facies metamorphism (as illustrated in Fig. 11 a) can lead to massive,
10s to 100 s of meter thick soapstone and listvenite deposits. Rather,
some CO;, transfer may occur by diffusion in an interconnected stagnant
pore fluid over comparatively long time-scales, or externally sourced
water-rich fluids infiltrate the host meta-sediments, where they cause
infiltration-driven decarbonation. Nonetheless, the modeling suggests
that neither diffusional transfer nor infiltration-driven decarbonation
will result in carbonation fluids with sufficiently high CO, concentra-
tions for listvenite formation, other than in subduction settings (Fig. 12).

5.2. Fluid ascent from deep-seated devolatilization

Many studies of natural listvenites infer P-T conditions corre-
sponding to regional or warm orogenic metamorphism (Table 1), indi-
cating that processes other than simple metamorphic devolatilization of
adjacent rocks are required. Our first-order models indicate that in a
setting with a geotherm similar to that of hot orogens, listvenite for-
mation is possible if devolatilization fluids released from a lithology like
graphite-bearing calcschist ascent and cool by at least 45-60 °C without
much loss of CO; before infiltrating into ultramafic rocks (Fig. 12 d). If
the fluid pathway follows a cooling trajectory equivalent to the
geothermal gradient, this would require fluid transport without CO5 loss
over a vertical distance in the order of 1.8-2.8 km, depending on the
rock density in this depth interval. This translates to a minimum trans-
port distance of about 2.0-3.2 km in case of a steeply (60°) oriented fluid
conduit, or 3.2-5.6 km if fluid ascents along a 30° dipping thrust fault.
Partial CO4 loss during fluid ascent due to partial equilibration with the
host rocks may not necessarily prevent listvenite formation but would
require accordingly longer fluid transport distances. Although this
thermodynamically-informed back-on-the-envelope calculation ne-
glects many of the complexities — for example, here we considered only
CO», as the main driver of carbonation — it shows that fast fluid ascent
from a deeper CO; source is a reasonable explanation for listvenite
formation (Fig. 11 b). This scenario is particularly relevant for cases
where carbonation occurred along km-scale fault zones such as basal
thrusts of ophiolites (de Obeso et al., 2022), shear zones accommodating
the exhumation of high-P metamorphic complexes (Peng et al., 2020) or
deeply rooted transform faults like the San Andreas fault (Klein et al.,
2022). High rates of CO, degassing observed in springs along plate
boundary faults (Barnes et al., 1978) underline that this is a favorable
setting for carbonation of ultramafic rock. A similar mode of listvenite
formation due to slab-parallel fluid ascent and cooling might lead to
extensive carbonation of the cold nose of the mantle wedge of subduc-
tion zones, as explored with thermodynamic modeling by Leong et al.
(2023).

5.2.1. A case example of fluid ascent from deep-seated devolatilization:
BT1B listvenites, Oman

The listvenites of Oman Drilling Project site BT1B in the Samail
ophiolite are a good example of a setting where CO2-fluid was produced
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from a deeper source rock, channelized along a major fault zone and
transported over likely rather long distance before reacting with peri-
dotite. Evidence supporting this comes from a combination of field and
(micro)structural observations, isotope geochemistry data and thermo-
dynamic considerations. The listvenites occur as several decameter wide
and several hundreds of meter long continuous layers in the lowermost
mantle section of the ophiolite, commonly in close proximity to the
underlying metamorphic sole (Kelemen et al., 2022; Nasir et al., 2007).
The metamorphic sole is a metamafic — metasedimentary unit that re-
cords subduction initiation, exhumation and accretion to the ophiolite
base (e.g., Soret et al., 2017), thus demarcating the previous subduction
plate interface that evolved into the basal thrust during ophiolite
emplacement. The substantially higher metamorphic grade and widely
distinct 5'3C and %7Sr/%0sr isotopic signature of the metamorphic sole
compared to listvenite clearly show that it was not the COy-source for
peridotite carbonation (de Obeso et al., 2022; Kelemen et al., 2022). The
isotope geochemical data instead indicates that the CO,-bearing fluid
derived from structurally underlying meta-sediments similar to those of
the “Hawasina” formation (de Obeso et al., 2022). The latter is a weakly
metamorphosed rock unit derived from distal passive margin sediments
that were thrusted onto the continental margin together with the
ophiolite. Thermodynamic modeling suggests that meta-sediments
composed of carbonate-silicate mixtures are the most suitable fluid
source, but also that the CO5 concentration of fluid in equilibrium with
such rocks is not high enough to drive the reaction to quartz-magnesite
at the P-T conditions at which listvenites formed (90-150 °C, and likely
>0.3 GPa) (Beinlich et al., 2020b; Falk and Kelemen, 2015; Kelemen
et al., 2022). Combined, the data and models point to a deep-seated
source rock that released CO-bearing fluids at higher temperatures
than those recorded by listvenite (Fig. 11 c). This fluid was likely
focussed and channelled upwards along the basal fault, restricted from
vertical ascent by the rather impermeable and comparatively non-
reactive metamorphic sole. The microstructural evidence that listven-
ite formation at site BT1B was coeval to deformation (Menzel et al.,
2022b) further supports a dynamic setting, where deep-sourced CO»-
bearing fluid could rise along the high-permeability fluid conduit of the
basal fault without much loss of CO5 before infiltrating the peridotite.

5.3. Fluid mixing

High COj-concentrations of fluid, in disequilibrium with both ul-
tramafic rocks and their host rocks, are possible when ascending, deep-
sourced COy-rich fluid mixes with comparatively shallow HyO-rich fluid
(Fig. 11 c). In this case, the composition of the carbonation fluid depends
less on mineral-fluid equilibria in the host rock but on the relative fluid
flow rates of shallow HyO-rich and deep COs-rich fluid, and the CO,
concentration of the latter. Deep CO, may ascent in the form of
immiscible fluid, supercritical CO5 or exsolved gas bubbles, with limited
re-equilibration with the host rocks, and only produce reactive aqueous
carbonation fluids once mixing with H,O. Thus, carbonation fluids may
in principle have very high CO, concentrations, with a maximum set by
the CO; solubility in water and the miscibility gap at low pressure
(Fig. 7) (Blencoe et al., 2001). Such a setting is similar to carbonation
triggered by deep injection of COy gas (Fig. 11 c) and some mineral
carbonation experiments (Sanna et al., 2014), where the dissolved
inorganic carbon concentration is a function of the partial gas pressure
of CO,. In natural systems, the CO, may for instance originate from
degassing of the mantle (Rielli et al., 2022; see below) or of magmatic
intrusions (Bénézeth et al., 2013; Schandl and Gorton, 2012). Hydro-
thermal advection around magmatic intrusions favors fluid mixing that
may lead to carbonation. Soapstone in the St. Paul transform fault in the
Atlantic represents an end-member of peridotite carbonation by mixing
of magmatic COy with seawater (Klein et al., 2024), where contact-
metamorphic CO, sources can be excluded.
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5.3.1. A possible case example of fluid mixing

A good example of natural carbonation by fluid mixing may be the
carbonated serpentinites in the Ligurian ophiolite of central Tuscany,
Italy (Rielli et al., 2022). At these sites, dolomite and magnesite veins
and domains of magnesite cemented by chalcedony occur along transfer
faults crosscutting serpentinite. These likely formed at T < 90 °C, as
indicated by the presence of opal. Based on C and O stable isotope
compositions of carbonates and the structural context, CO; is inferred to
originate from degassing of mantle or mantle-derived magmatism, rising
along crustal-scale extensional faults before mixing with shallow mete-
oric waters and reacting with serpentinite (Rielli et al., 2022). Fluid
mixing likely leads to high fluctuations of CO2 concentration of the
reactive fluid and thus highly variable precipitation assemblages and
structures, which may explain why carbonated serpentinites such as
those from the Ligurian ophiolite (Boschi et al., 2009; Rielli et al., 2022)
have the appearance of hydrothermal stockwork or vein deposits in
contrast to well-developed reaction fronts of classical listvenite outcrops
elsewhere (Table 1).

5.4. Indications from dating, structural relationships and geochemistry of
listvenite

Constraining the tectonic and geodynamic context of listvenite for-
mation requires a multidisciplinary approach combining insights about
the timing and P-T conditions of carbonation, the likely CO5 source and
the structural context. The uncertainties related to all of these parame-
ters are usually substantial (see also section 3.2). While the broad timing
may be estimated reasonably well from the regional context (Table 1),
obtaining precise knowledge of the age of carbonation is challenging but
critical to determine the specific geodynamic setting. Direct timing of
carbonation may be obtained by internal Rb—Sr isochron dating of Cr-
muscovite bearing listvenite whole rock and mineral separates (Falk
and Kelemen, 2015; Hinsken et al., 2017), “OAr/3Ar dating of Cr-
muscovite mineral separates (Schandl and Gorton, 2012), in-situ
U—Pb dating of carbonate (Scharf et al., 2022), or, in rare cases,
zircon U—Pb dating (Qiu and Zhu, 2018). As with any dating method, a
key issue besides analytical uncertainty is the attribution of which
process has been dated. Cr-bearing muscovites may reliably date the
actual carbonation process, because they are the product of Cr-spinel
breakdown in the moderately acidic conditions of the final listvenite
formation stage, with a stability that is likely equivalent to that of py-
rophyllite in our infiltration models (Fig. 6 b). They further typically
occur in textural equilibrium with carbonate and quartz, and are
commonly the only host of Rb. However, this method may be subject to
large uncertainties because of potential addition or loss of Rb and/or Sr
(Falk and Kelemen, 2015). In-situ U—Pb dating of magnesite is a
promising method, but highly challenging due to commonly extremely
low U and Pb contents of magnesite formed by carbonation of peridotite,
unkown closure temperatures, and the possibility of secondary isotopic
resetting by magnesite dissolution-reprecipitation. Dolomite or calcite
veins cutting listvenite are more likely to contain sufficient U and Pb
compared to magnesite and may in some cases provide rather precise
dates for veining (Scharf et al., 2022). However, millions of years may
pass between initial listvenite formation and secondary fracturing with
dolomite/calcite vein precipitation, thus these may provide only a
minimum age. Post-listvenite influx of Ca-bearing fluid can deposit
mobile Sr, U and Pb in dolomite/calcite, and dissolution of magnesite
during secondary or supergene weathering of listvenite can be accom-
panied by Pb enrichment (Austrheim et al., 2021). Therefore, detailed
microstructural analysis is necessary to identify whether the analyzed
carbonate corresponds to syn-carbonation aggregates and veins (Menzel
et al., 2022a), or to veins and whole rock domains that were overprinted
and chemically modified in a later stage unrelated to listvenite forma-
tion (Menzel et al., 2020b). Without such analysis it remains unclear
which process the obtained ages actually date.

Many of the case examples listed in Table 1 provide evidence or
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suggest that carbonation occurred in active tectonic settings. Various
listvenite occurrences are situated along the basal thrust of the respec-
tive ophiolite, indicating that carbonation likely took place during a
stage of ophiolite emplacement. We consider plate-scale thrust faults as
particularly favorable settings for listvenite formation, because this sit-
uation provides both the heat needed for metamorphic devolatilization
in lower-plate lithologies and a preferential conduit for channelized
fluid ascent (Fig. 11 b). Careful structural analysis of cross-cutting re-
lationships and shear sense indicators may help to infer whether
carbonation occurred in a compressional or extensional tectonic regime,
but this task is challenging as structures in listvenites can be extremely
complex due to various stages of fluid-rock interaction in addition to
secondary overprints unrelated to listvenite formation.

Sediments that produce particularly COy-rich fluids during meta-
morphic devolatilization —ideally consisting of mixtures of silicates,
carbonates and organic carbon — are more commonly found at or
proximal to continental margins rather than in deep-sea environments.
Thus, mantle rocks of the upper plate forearc wedge of continental
subduction zones transitioning into continental collision likely have a
higher potential to form listvenites than those of typical ocean-ocean or
ocean-continent subduction zones. The common enrichment of K in Cr-
bearing muscovite in listvenite may further suggest a certain continental
affinity of the fluid sources but more source-to-sink studies using isotope
and trace element geochemistry (e.g., de Obeso et al., 2022; Godard
et al.,, 2021) are necessary to validate this hypothesis. High-P experi-
ments have shown that carbonation of peridotites and serpentinite se-
questers, to some extent, fluid mobile elements such as Ca®*, Sr2*, Pb?*
and Ba?' from reactive COH-fluids into newly formed carbonates
(Sieber et al., 2018). Thus, combined with knowledge of the source rocks
and their devolatilization behavior regarding trace elements, the
chemical (and isotopic) signature of listvenite may have the potential to
provide further insights into the depth and geodynamic context of
carbonation.

6. Preservation or carbon remobilization?

The extent of peridotite carbonation and prevalence of listvenites
throughout the geological record may be substantially underestimated
because weathering and metamorphism can obliterate recognizable
carbonation assemblages. This is particularly relevant for the Archean,
when carbonation of ultramafic rocks (including komatiites) was likely
more widespread than at present due to higher CO;, concentrations in
the atmosphere, seawater and meteoric-influenced hydrothermal fluids
(Catling and Zahnle, 2020; Ueda et al., 2017).

6.1. Fuchsite-bearing quartzites and dolomite-quartz rocks — Cryptic
listvenites?

Enigmatic Cr-enriched fuchsite-bearing quartzites occur in many
Archean cratons, in places associated with (meta-)mafic-ultramafic rock
sequences (e.g., Martyn and Johnson, 1986; Wang and Santosh, 2019).
These rocks bear many resemblances with more recent examples of
fuchsite-bearing quartzite formed by supergene magnesite dissolution
from listvenite (Austrheim et al., 2021) and silicified serpentinites
(birbirite) (Augustithis, 1967; Lacinska and Styles, 2013; Molly, 1959).
They may thus represent the alteration product of listvenites from which
carbonate was dissolved or has been replaced by quartz, with Cr-spinel
replaced by Cr-bearing muscovite. This may occur (i) coeval with
carbonation by continued, massive fluid flux, if temperatures are <150
°C where magnesite solubility in CO»-bearing fluid is higher than that of
quartz (Supplementary Fig. S2) (Klein and Garrido, 2011), (ii) during a
secondary hydrothermal alteration event unrelated to carbonation, or
(iii) as a result of surface weathering (Beinlich et al., 2018). Tectonic
activity post-dating carbonation can enhance magnesite dissolution
from listvenite (Menzel et al., 2020b). While carbonation of serpentine
to quartz-magnesite commonly does not substantially increase the SiOy
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content relative to MgO (Fig. 3), listvenite formation followed by sec-
ondary carbonate dissolution is indeed a viable pathway to form silica-
rich lithologies from ultramafic rock. Thus carbonation of ultramafic
rocks followed by secondary overprint — leaving a quartzite residue
while Mg is lost to rivers and oceans — may add Si-rich lithologies to
continental crust over time (Austrheim et al., 2021). Accordingly, many
chromite or fuchsite-bearing quartzites may in fact be former listvenites.
However, distinguishing if Cr-enriched quartzite formed by alteration of
listvenite, as described above, through silicification of serpentinite
without prior carbonation, or mixing of detrital chromite in quartz-rich
sediment is not straightforward.

Besides selective carbonate weathering, secondary hydrothermal
fluids different from those responsible for carbonation may also over-
print listvenite. If these secondary fluids are enriched in Ca, they may
lead to replacement of magnesite by Ca-carbonates (Amarbayar et al.,
2023). Ultimately this process can form Cr-bearing dolomite-quartz or
even calcite-quartz rocks, which after metamorphism or deformation
may be difficult to distinguish from (detrital chromite-bearing) impure
marble.

6.2. Regional and subduction metamorphism of listvenite

The hypothesis that abundant listvenite may form in subduction
zones along the slab-mantle interface and within the cold part of the
mantle wedge (Kelemen and Manning, 2015) raises the question how
likely it is that these rocks “survive” and are exhumed with their
carbonation textures preserved, and under which conditions CO5 uptake
is reversed by metamorphism. Fig. 13 shows the main metamorphic
phase relations of listvenite and soapstone as a function of P and T. The
listvenite assemblage Mgs-Qtz-Tlc-Hem has a very large stability field
that widens with increasing pressure, indicating that — unless there is
external infiltration of HyO-rich fluid — most low- to medium-grade
metamorphic conditions do not cause any carbon remobilization.
Mantle wedge listvenites that are detached and dragged down with the
subducted slab will not undergo closed-system decarbonation until
heated to >750 °C, when talc and magnesite start to react to orthopyr-
oxene and CO»-H20O fluid. How much CO; is released by prograde
devolatilization depends on the amount of talc initially present and the
subduction P-T path, but even in case of talc-magnesite rocks with
higher water and lower carbonate content than listvenite, much of the
carbonate remains stable (Fig. 13 b; see also Menzel et al., 2020a). With
a bulk rock density of >2.9 g/cm®, listvenites are less buoyant than
serpentinite and many meta-sediments. If incorporated into the slab and
not modified by external fluid infiltration, listvenites are thus prone to
transport highly carbon-enriched and oxidized rock volumes to great
depth in subduction zones.

For regional metamorphism, the models predict that at upper
amphibolite facies conditions listvenites react to magnesite-
orthopyroxene rocks (sagvandite), while releasing COy-dominated
fluid (Xcoz > 0.6; Fig. 13 a). Similarly, soapstone is predicted to form
olivine-bearing sagvandite at >630 °C (Fig. 13 b). Sagvandites are
usually interpreted to form by interaction of peridotite with COy at
temperatures >550 °C (Bucher and Stober, 2019; Ohnmacht, 1974;
Sieber et al., 2022), calling for a re-evaluation whether some of these
may instead be metamorphosed listvenite and soapstone. At granulite
facies conditions and during contact metamorphism, listvenite and
soapstone undergo complete decarbonation to olivine-orthopyroxene
rocks, releasing very COj rich fluid (Fig. 13).

Massive infiltration of HyO-rich fluid into listvenite can reverse
carbonation through carbonate dissolution at any metamorphic grade,
as evidenced for example by spectacular pseudomorphic microstruc-
tures of serpentine replacing former carbonate (Dunkel et al., 2019).
Reversal of listvenite formation by hydration to talc- or serpentine-
bearing assemblages is endothermic and requires pervasive fluid flow,
but may occur in fluid-rich settings undergoing prograde metamorphism
such as shear zones in subduction zones. Likewise, carbonate from
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Fig. 13. Metamorphic phase relations and devolatilization of listvenite and soapstone. P-T pseudosections of (a) talc-bearing listvenite and (b) antigorite-talc-
magnesite rock (soapstone) with excess water to obtain fluid compositions at all conditions. Fluid Xco is indicated by dashed contour lines and values in
brackets (F), the latter being minimum values; devolatilization devoid of excess water results in nearly pure CO, fluid in fields indicated by (*). Model rock com-
positions as obtained from the harzburgite infiltration model; see supplementary material for modeling methods. Numbered assemblages (1): Ol Opx Hem; (2): Mgs
Opx + Hem/Mag; (3) Tlc Ol Mag Hem. Superposed metamorphic facies fields after Bucher and Grapes (2011).

magnesite-talc rocks in subduction zones can be lost and released into
fluid due to infiltration-driven decarbonation, for example triggered by
dehydration of antigorite in the host serpentinites (Menzel et al., 2020a).
To be effective, infiltration-driven decarbonation of talc-magnesite
rocks or listvenite in subduction zones requires pervasive infiltration
(and drainage) of significant amounts of HyO-rich fluid (f/r > 2).

7. Listvenite formation and engineered CO; sequestration

Injection of CO; into subsurface basaltic and ultramafic rock for-
mations to induce mineral carbonation (‘“subsurface CO, mineraliza-
tion” in the following) is a method to permanently store captured CO> (e.
g., Kelemen et al., 2019; Oelkers et al., 2023; Snebjornsdéttir et al.,
2020; and references therein). Here we briefly discuss some lessons
learned from studies on listvenite formation and how projects of sub-
surface CO, mineralization in ultramafic rocks can in turn improve our
understanding of carbonation in natural systems.

Theoretically, triggering listvenite formation from ultramafic rocks
by injection of CO4 is an ideal strategy for safe long-term storage of COy
from industrial sources or direct air capture (Matter and Kelemen, 2009;
Power et al., 2013), because high amounts of carbon can be stored in
comparatively small rock volumes (up to ~35 wt% COy; or 290 Mt. C /
km? listvenite rock). Natural listvenite occurrences show that complete,
pervasive replacement of large rock volumes is possible: for instance,
listvenites in the Fanjah region of the Samail ophiolite, Oman, can be
estimated to 1-2 km® based on field mapping (e.g., Decrausaz et al.,
2023; Kelemen et al., 2022). Moreover, carbon remains safely bound in
weathering-resistant magnesite-quartz rock over long geological time
spans (> > 1000 years; Table 1). Accordingly, the global CO, storage
potential of exhumed mantle rocks is substantial, with a good long-term
integrity of the storage reservoirs. However, industrial scale imple-
mentation faces various scientific, practical, societal and economic
challenges. Concentrating here on the scientific challenges and gaps in
knowledge, these are in particular: (i) obtaining the optimal P-T-X
conditions, (ii) sustaining permeability, and (iii) monitoring and
modeling of reactive systems at the mesoscale (volumes of 1-1000 m3;
timespans of years to hundreds of years).

At optimal P-T-X conditions for engineered systems (< 5 km depth,
170-200 °C, and COy-rich fluid — CO,-saturated water or wet super-
critical CO3), laboratory batch experiments have shown that a consid-
erable extent of peridotite carbonation is possible within comparatively
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short time (days to weeks) (Kelemen and Matter, 2008; Kelemen et al.,
2011; Miller et al., 2019; Sanna et al., 2014). Carbonation is also
observed in porous core samples for flow-through experiments
mimicking the hydrodynamic conditions of subsurface CO2 minerali-
zation, although carbonation rates appear hampered by hydrodynamic
conditions (e.g., Andreani et al., 2009; Peuble et al., 2019). The tem-
perature, necessity of mining and grinding of the feedstock material and
difficulties to remove the reaction products from reactor vessels make
industrial reactors and other ex-situ applications energy, environmental
and economic cost intensive. Many of these issues can be avoided during
subsurface CO5 mineralization. Injection of CO»-bearing fluid into ba-
salts at ~750 m depth and temperatures up to 260 °C successfully led to
CO, mineralization at the hydrothermally active site of the CarbFix2
Project on Iceland (Clark et al., 2020; Oelkers et al., 2023). With normal
geothermal gradients (25-30 °C/km) in ultramafic rocks, significantly
deeper boreholes would be required to attain temperatures of 170-200
°C. The natural rock record shows that listvenites can form already at 90
°C (Table 1), with slower predicted carbonation rates but still signifi-
cantly faster than at ambient conditions (Paukert et al., 2012). This
temperature corresponds to 3—4 km depth, conditions that are attainable
in enhanced (or “stimulated”) deep geothermal energy systems (e.g.,
Kumari and Ranjith, 2019).

A major challenge for subsurface CO5 mineralization is permeability,
which is notoriously low in partially serpentinized peridotites. In the
OmanDP drill cores of the Samail ophiolite, the measured mean
permeability ranged from 1077 to 107 m? for dunite and 1072 to
102! m? for harzburgite sections (Katayama et al., 2020), but is much
higher in fractures. Natural samples indicate that fracturing and vein
formation are very common in serpentinites and listvenites (e.g., Menzel
et al., 2022a). Hence, permeability in any given rock volume is highly
heterogeneous, and its evolution during carbonation is challenging to
predict. In nature, an interplay of deformation and solute transfer pro-
cesses renew porosity and thus sustain permeability (c.f. sections 4.4 &
4.5). COg-serpentinite interaction in some sections of the San Andreas
fault system suggest that in actively deforming settings, talc formation
due to carbonation may additionally have the positive side effect of
favoring aseismic creep over seismic rupture because water-saturated
talc has low friction coefficients and is velocity-strengthening (Klein
et al., 2022; Moore and Rymer, 2007). However, the interplays between
different hydration and carbonation reactions, fluid pore pressures,
stress and changing rheology are far from being understood well enough
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to risk subsurface injection of COy-bearing fluids into a seismically
active fault zone. For engineered subsurface CO, mineralization, the
challenges of low initial permeability and porosity reduction by clogging
may partially be addressed by (i) targeting fossil serpentinite fault zones
that are highly fractured, with accordingly higher permeability and
reactive surface area, (ii) modifying the injected fluid composition to
favor incipient dissolution over precipitation, and (iii) induced hydro-
fracturing. Induced hydro-fracturing — a common method to create
permeability applied in enhanced geothermal systems (e.g., Kumari and
Ranjith, 2019, and references therein) — could be used to create initial
fluid pathways in subsurface peridotites in settings that are presently not
tectonically active (Power et al., 2013), provided that the inherent
(micro-)seismicity is controlled to acceptable risk levels. Nonetheless,
the conditions (e.g. CO, concentration, pH and flux of fluid) that may
prevent or at least minimize clogging of porosity and/or fractures by
carbonate precipitation are still unclear and require further study.
Likewise, there is a wealth of experimental studies investigating the
effects of pH, chlorinity and a variety of chemical additives on carbon-
ation reactions rates. In comparison, little is known to date about the
detailed composition of fluids causing listvenite formation in nature,
calling for more research on fluid inclusions and mobile element
geochemistry.

Subsurface CO, mineralization has the benefit of comparatively
limited surface land-use conflicts, but comes at the high cost required for
deep drilling operations in crystalline rock (Kelemen et al., 2020b).
Coupling subsurface mineral carbonation with geothermal energy and
possibly natural Hy production (Osselin et al., 2022b; Templeton et al.,
2024) may potentially alleviate some of these costs. Although many
questions remain about compatibility and practicality, such combined
approaches may present a promising way forward. Further research
exploring possible synergies between CO, storage, geothermal energy,
and natural H» is warranted, among other aspects: (i) to find methods to
maintain or renew fracture permeability while also causing carbonation,
(ii) to prevent the possible, undesired formation of CH, instead of H (c.
f. Fig. 3; Fig. 6), and (iii) to evaluate if leakage of CO,, CH4 and H; can be
inhibited by self-healing of fractures through carbonate precipitation.

The timescales of listvenite formation are difficult to constrain from
natural rocks (see section 4.5). Careful monitoring of the carbonation
extents, ideally obtained from pilot sites of subsurface CO5 mineraliza-
tion, in combination with more laboratory experiments and field data,
will allow to better quantify carbonation efficiency and rates under
natural conditions, thus guiding to a deeper understanding of listvenite
formation. In turn, experiments and research on natural listvenites
provide the necessary scientific knowledge for developing field scale
subsurface CO2 mineralization projects in ultramafic rocks, in particular
with respect to the optimal P-T-X conditions and the modeling and
quantification of coupled thermo-hydro-mechanical-chemical processes
at the meso-scale. We posit that integrating knowledge from natural
geological processes will further help to design monitoring and verifi-
cation protocols for safe CO; storage by mineral carbonation.

Summary and outlook

I. Listvenites and similar extensively carbonated ultramafic rocks
are — although volumetrically sparse — common in many
ophiolites and exhumed metamorphic massifs throughout most of
Earth’s geological history. For many natural occurrences, critical
data on pressure/depth, temperature, age, or tectonic/structural
context of carbonation is however uncertain, subject to inter-
pretation, or missing (Table 1). As some of these parameters are
inherently difficult to estimate from serpentinite, soapstone and
listvenite, future studies would ideally adopt a holistic and multi-
facetted approach combining insights from petrology, geochem-
istry and structural geology, also of neighboring rocks and the
non-reacted ultramafic protolith(s). Such efforts are warranted
because listvenites, due to their reactive origin, bear substantial
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indirect information about otherwise cryptic processes, such as
CO»-bearing fluid release from meta-mafic and meta-sedimentary
rocks or the development of large-scale focused fluid flow paths
at depth and their interplay with deformation in major shear
zones.

The carbonation reaction sequence leading to listvenite and
related reaction fronts is well understood and goes along with
drastic changes with respect to equilibrium fluid composition,
pH, oxygen fugacity, as well as a substantial increase in mass and
volume. We show that this evolution with reaction progress —
including serpentinization — can be simulated with great detail
and consistency by thermodynamic infiltration models. Less clear
are the consequences these changes, particularly of pH and fO,,
have for the mobility of metals, fluid-mobile trace elements,
minor volatiles and halogens.

The main requirements for listvenite formation are (i) an ultra-
mafic protolith, (ii) infiltration of aqueous fluid with sufficiently
high CO; concentration (depending on the P-T conditions), and
(iii) high time-integrated fluid/rock ratios and processes that
allow continued fluid flow despite nominal volume expansion of
reaction. Major open questions remain about the impact of
cationic aqueous species, reduced volatiles, carbon bearing solute
complexes and halogens in the infiltrated fluids.

The rate-limiting process of listvenite formation in nature is likely
mass transport (specifically, CO, supply) in settings with tem-
peratures higher than 150 °C. A multitude of thermo-hydro-
mechanical-chemical (THMC) feedbacks influence precipitation
of reaction products, fluid flow, and in turn, effective carbonation
rates. These feedbacks change dynamically as mineralogy,
microstructure and pore properties change with reaction prog-
ress, and have variable impact at different scales. We infer that
the most important mechanisms of porosity renewal allowing
continued reaction progress are (i) solute transfer, (ii) fracturing
and veining, and (iii) reaction assisted ductile deformation.
Detailed microstructural investigation can provide a qualitative
assessment of these mechanisms and their impact on porosity-
permeability evolution and reaction progress. However, given
the complexity of THMC feedback processes, many open ques-
tions remain. Important issues are to better estimate the natural
time scales of listvenite formation at different conditions, and
understand the effect of nano-confinement on dissolution-
precipitation and mass transfer across different porosity scales
and morphologies. Further needed are better constraints of the
relative importance of diffusional versus advective mass transfer
in different micro-environments and how they are affected by
different THMC processes and external parameters.

. The CO5 source for listvenite formation is inferred to be, in most

natural cases, metamorphic devolatilization and/or dissolution of
carbonate + organic carbon bearing meta-mafic or meta-
sedimentary lithologies. This does not exclude other CO; sour-
ces, in particular magmatic degassing can be important in places.
However, some settings, such as simple meteoric alteration or
dissolution of pure limestone, are clearly not viable. First-order
thermodynamic modeling suggests that while soapstone can
form in many metamorphic settings, listvenite formation mostly
requires rapid, large scale ascent and cooling of deeper sourced
fluids. As the overwhelming majority of listvenite occurrences are
spatially related to major fault or shear zones, deformation is
likely the key factor that facilitates such large scale channeling
and ascent of COy-bearing fluid. Besides their role as a carbon
sink, listvenites may thus also be viewed as fossil archives of
massive fluid flux along deforming plate interfaces. Improving
our knowledge of age, depth and structural context of natural
listvenites and surrounding rocks, more source-to-sink in-
vestigations based on isotope and/or trace element geochemistry,
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as well as thermodynamic transport models are needed to
establish the geodynamic settings of listvenite occurrences.
There is likely a large number of cases where lithologies that had
been listvenites are not recognized as such because of secondary
alteration or metamorphism. In particular fuchsite or Cr-spinel
bearing quartzites that have not received much attention due to
their enigmatic origin may shed more light onto possible secular
variations of the impact of listvenite formation on the deep car-
bon cycle throughout Earth’s history.

Although natural listvenite formation commonly appears to occur
in geological contexts that are impossible or not feasible to induce
artificially — especially where listvenite forms at >5 km depth or
is synkinematic to shear zone deformation — many of the
involved processes and feedback mechanisms are also relevant
for subsurface carbon sequestration by mineral carbonation. The
naturally exposed record of fossil listvenites and their related
carbonation reaction fronts provide invaluable insights for
developing strategies of artificial subsurface mineral carbon-
ation, because mid to large scale subsurface field experiments in
ultramafic rocks are still lacking and would always remain
inaccessible to direct observation.

VI
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