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Significance

We report widespread mineral 
carbonation of mantle rocks in 
an oceanic transform fault fueled 
by degassing of magmatic CO2. 
The findings describe a 
previously unknown component 
of the geological carbon cycle in 
transform faults that represent 
one of three principal plate 
boundaries on Earth. The 
confluence of exhumed mantle 
rocks and CO2-rich alkaline basalt 
formed through limited extents 
of melting characteristic of the St. 
Paul’s transform fault, one of the 
largest transform faults in the 
Atlantic, may be a pervasive 
feature at oceanic transform 
faults in general. Because 
transform faults have not been 
accounted for in previous global 
CO2 flux estimates, the mass 
transfer of magmatic CO2 to the 
altered oceanic mantle and 
seawater may be larger than 
previously thought.
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Most of the geologic CO2 entering Earth’s atmosphere and oceans is emitted along plate 
margins. While C-cycling at mid-ocean ridges and subduction zones has been studied 
for decades, little attention has been paid to degassing of magmatic CO2 and mineral 
carbonation of mantle rocks in oceanic transform faults. We studied the formation 
of soapstone (magnesite–talc rock) and other magnesite-bearing assemblages during 
mineral carbonation of mantle peridotite in the St. Paul’s transform fault, equatorial 
Atlantic. Clumped carbonate thermometry of soapstone yields a formation (or equi-
libration) temperature of 147 ± 13 °C which, based on thermodynamic constraints, 
suggests that CO2(aq) concentrations of the hydrothermal fluid were at least an order of 
magnitude higher than in seawater. The association of magnesite with apatite in veins, 
magnesite with a δ13C of −3.40 ± 0.04‰, and the enrichment of CO2 in hydrother-
mal fluids point to magmatic degassing and melt-impregnation as the main source of 
CO2. Melt-rock interaction related to gas-rich alkali olivine basalt volcanism near the 
St. Paul’s Rocks archipelago is manifested in systematic changes in peridotite compo-
sitions, notably a strong enrichment in incompatible elements with decreasing MgO/
SiO2. These findings reveal a previously undocumented aspect of the geologic carbon 
cycle in one of the largest oceanic transform faults: Fueled by magmatism in or below 
the root zone of the transform fault and subsequent degassing, the fault constitutes a 
conduit for CO2-rich hydrothermal fluids, while carbonation of peridotite represents a 
vast sink for the emitted CO2.

oceanic transform faults | carbon cycling | mineral carbonation | oceanic mantle |  
magmatic degassing

Global anthropogenic CO2 emissions are estimated to be on the order of 36 Gt per year (1), 
dwarfing estimates of average geological emissions (0.26 Gt/a) to the atmosphere and hydro-
sphere (2–5). Yet, over geological timescales, emissions of CO2 sourced from Earth’s mantle 
have been pivotal in regulating Earth’s climate and habitability, as well as the C-concentration 
in surface reservoirs, including the oceans, atmosphere, and lithosphere. Fault zones along 
plate margins form a global network and are primary loci of tectonic movements, seismicity, 
and CO2 discharge (5–7). Mantle-derived CO2 from magmatic degassing and decarbonation 
associated with metamorphism are the main sources of geologic CO2 released at Earth’s surface 
(3, 4, 6, 8). Widespread discharge of CO2-rich fluids has long been recognized on land along 
volcanic arcs, orogenic belts, and continental rifts (9–11) and, more recently, mid-ocean ridges 
(2, 8, 12, 13). Estimates of the global CO2 flux suggest that the amount of CO2 emitted from 
Earth’s solid interior (i.e., outgassing) is broadly in balance with the amount of CO2 recycled 
via subduction of altered oceanic plates (3, 4, 7, 14). The annual CO2 emissions at mid-ocean 
ridges are estimated to be 13 to 30 Mt while intraplate volcanoes may emit 6 to 65 Mt (7). 
Even though the total length of oceanic transform faults (~48,000 km) (15) rivals that of the 
global mid-ocean ridge system, it remains unclear whether oceanic transform faults are sources 
or sinks for CO2.

In contrast to intermediate- and fast-spreading mid-ocean ridges, where the oceanic crust 
is 6 km thick on average, the oceanic crust at transform faults is much thinner or completely 
lacking because magma supply tends to be low. As a result of the low magma supply and 
tectonic movements, much of the seafloor along slow-slipping oceanic transform faults is 
composed of mantle peridotite (16, 17). The exposure of peridotite to hydrothermal fluids 
causes the dissolution of olivine, orthopyroxene, and clinopyroxene and the precipitation of 
secondary minerals which has important consequences for mass transfer between the ocean 
and the oceanic basement (18–20). Previous research has focused on serpentinization (i.e., 
the formation of serpentine-dominated rocks) and high-temperature alteration of peridotite 
at slow- and ultraslow-spreading mid-ocean ridges and transform faults (17, 18, 21–24). 
Mineral carbonation of peridotite, which can cause the formation of soapstone (a rock chiefly 
composed of magnesite and talc) and silica-carbonate rock, has received considerable attention D
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in orogenic belts and ophiolites because of its enormous potential 
to sequester atmospheric CO2 (25). Moreover, the formation of 
soapstone during carbonation of peridotite in continental transform 
faults is believed to promote aseismic creep, thereby limiting the 
potential for large earthquakes (26). Despite the widespread occur-
rence of peridotite in the Atlantic, Indian, and Arctic Oceans, and 
CO2 emissions in the megaton range from mid-ocean ridges, few 
studies on magnesite formation during mineral carbonation of peri-
dotite exist in submarine environments (27–30).

We document the formation of distinct carbon-bearing minerals 
including magnesite, dolomite, high-Mg calcite, calcite, aragonite, 
and graphite, their mineral assemblages, and textural contexts in 
peridotite from the submerged flanks of the St. Peter and St. Paul 
archipelago in the St. Paul’s transform fault in the equatorial Atlantic 
Ocean (Fig. 1 and SI Appendix, Fig. S1). Based on isotopic and geo-
chemical evidence, we argue that melt impregnation of peridotite 
and magmatic degassing of alkali olivine basalt is the source of CO2 
in the St. Paul’s transform fault. We use clumped isotope paleother-
mometry of carbonate and graphite Raman thermometry to deter-
mine the temperatures of carbonation reactions and thermodynamic 
constraints to approximate the CO2(aq) concentrations of hydrother-
mal fluids that led to their formation. We argue that the combination 
of low extents of melting, which generates melts enriched in incom-
patible elements, volatiles and particularly CO2 (31–33), and the 
presence of peridotites at oceanic transform faults creates conditions 
conducive to extensive mineral carbonation.

Results

Eighteen ultramafic rocks were collected using the human-occupied 
vehicles (HOV) Deep Rover and Nadir during Cruise AL170602 
of MV Alucia in 2017. The rocks consist of harzburgite and 
clinopyroxene-poor lherzolite with varying extents of alteration and 

deformation. Ultramylonite samples show incipient alteration, 
whereas alteration tends to be more extensive in mylonite, proto-
mylonite, and along brittle faults. The extent of alteration varies 
between samples that experienced similar extents of deformation, 
and within individual samples on a cm-scale. In addition to relict 
olivine, orthopyroxene, clinopyroxene, and Cr-spinel, which are 
characteristic of peridotite, several samples contain exotic minerals 
such as zircon, apatite, or rutile (SI Appendix, Table S1). Deformed 
pargasitic amphibole is rimmed by tremolite in the matrix of 16 of 
the 18 samples. Magnesite occurs in 12 of the studied samples: Six 
samples contain magnesite in the rock matrix, seven contain mag-
nesite veins, and seven contain magnesite within secondary olivine-
hosted fluid inclusions (SI Appendix, Fig. S3 and Table S1). Sample 
DR538-R1 is the most extensively carbonated sample examined in 
this study (Fig. 2 and SI Appendix, Fig. S1). Raman mapping of its 
matrix indicates that it is chiefly composed of talc and magnesite 
in roughly equal volumetric proportions, i.e., soapstone (Fig. 2 and 
SI Appendix, Fig. S1), with minor amounts of hematite and clay 
minerals. Sample DR538-R1 underwent pervasive carbonation that 
overprinted patches of talc-altered serpentinite. Here, magnesite 
and dolomite partially overprint serpentine, magnetite, and minor 
chlorite in mesh texture. Talc and magnesite mimic the rock’s mylo-
nitic foliation.

Carbonate veins are common in the studied ultramafic rocks, 
and feature one or more carbonate minerals including magnesite, 
dolomite, Mg-bearing calcite, calcite, and/or aragonite. Composite 
veins show spatially distinct mineralogical zones with Fe-bearing 
magnesite in the vein center, enveloped by dolomite, then high-Mg 
calcite, and finally calcite at the outermost part of the veins 
(Fig. 2). Some of the vein-hosted magnesite occurs together with 
chlorite and chrysotile (e.g., sample DR539-R2). Magnesite veins 
in sample DR539-R4 also contain traces of graphite. A large mag-
nesite vein (sample DR539-R3) features small talc needles and 
talc veinlets (Fig. 2). Brittle (tension) faults are filled with arago-
nite (e.g., DR538-R2), which represent the youngest vein 
generation.

Samples DR539-R4 and DR541-R4 contain magnesite that is 
associated with apatite and chlorite (Fig. 2). We attempted to date 
apatite, but its U/Pb was too low (<10) to yield an age with a 
reasonable uncertainty. Sample DR541-R4 also contains biotite 
in veins with magnesite and apatite. Barite occurs in late carbonate 
veins that cut samples DR539-R3, DR541-R6, and DR542-R1.

Raman mapping revealed crystalline graphite together with 
talc and magnesite (e.g., sample DR538-R1) in the mylonite 
matrix together with olivine, orthopyroxene, and amphibole 
(e.g., DR538-R3, DR540-R1), and in veins together with mag-
nesite, serpentine, and talc (e.g., DR540-R1). It is an accessory 
mineral in most samples; however, it can be locally abundant on 
a sub-millimeter scale.

Out of the 18 samples from St. Paul’s Rocks (SPR) area studied 
here, nine contain olivine-hosted fluid inclusions that form linear 
trails equivalent to those reported in previous studies (19, 21, 35). 
Seven of the nine samples have fluid inclusions that either contain 
magnesite (n = 1) or assemblages composed of magnesite–talc   
(n = 2), magnesite–serpentine–talc (n = 2), magnesite–talc–graph-
ite (n = 1), and magnesite–talc–graphite-CH4 (n = 2) (SI Appendix, 
Fig. S3 and Table S1) on their inner walls. Fluid inclusions within 
an orthopyroxene porphyroclast of sample DR538-R3 contain 
talc and graphite. None of the secondary fluid inclusions in olivine 
or orthopyroxene contain liquid water (cf. refs. 19, 21, and 35). 
In samples DR539-R2, DR539-R3, and DR541-R2, magnesite 
and dolomite feature primary methane-bearing fluid inclusions.

Electron microprobe analysis was conducted on four samples 
to evaluate the composition of magnesite (SI Appendix, Table S2); 
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Fig.  1. (A) Map of the St. Paul’s transform fault area compiled using 
bathymetric data collected during the COLMEIA cruise (34). MAR = Mid-Atlantic 
Ridge. Star indicates the location of dredge AII-20-43 containing vesicular alkali 
basalt. (B) Newly processed map acquired during cruise AL170602. Dashed 
line indicates location of transform fault. Dashed box indicates map area in 
panel C. (C) Detailed view of bathymetry, HOV dive tracks, and locations where 
magnesite-bearing rocks (yellow stars) and fluid inclusions (blue stars) were 
sampled with HOV Deep Rover.
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however, due to the (sub-)micrometer-scale intergrowth of mag-
nesite and talc in the rock matrix, most microprobe analyses were 
done on magnesite in veins. The median Mg# (mol Mg/(Mg+Fe) 
× 100) of magnesite is 94, but there is considerable variability in 
the proportion of the siderite-component. Several analyses yielded 
Mg#s of ~80 to 85 while three analyses in DR538-R1 yielded 
Fe-enrichments with Mg#s of 61 and 74; however, there were no 
recognizable textural differences between Fe-poor and Fe-rich 
magnesite in these samples.

Whole rock major element measurements of peridotite mylonite 
samples are consistent with previous studies (36) and appear to 
follow the general melting array of submarine peridotites 
(SI Appendix, Fig. S2 and Tables S3 and S4); however, they tend 
to have higher Al2O3/SiO2 ratios for a given MgO/SiO2 ratio than 
(serpentinized) peridotites from other mid-ocean ridge settings 
(23, 24, 37, 38). Samples DR541-R4, DR541-R5, DR541-R6, 
and especially DR542-R5 (ophicalcite) are enriched in CaO due 
to calcite/aragonite veining. Rock compositions show enrichments 
in high-field-strength elements (HFSE) and large-ion lithophile 
elements (LILE) that are considered incompatible with mantle 
minerals (Fig. 3). Their enrichment is particularly apparent in 
rocks that have MgO/SiO2 < 1. In contrast, concentrations of 
certain trace elements that are compatible in mantle minerals, 
such as Ni, decrease with decreasing MgO/SiO2 (SI Appendix, 
Table S3).

Clumped isotopologue analysis of carbonate in sample 
DR538-R1 yields a Δ47 CDES value of 0.375 ± 0.011 ‰ (n = 3, 
mean ± 1σ SE), δ13C = −3.40 ± 0.04‰, and δ18O = −15.84 ± 
0.34‰ relative to VPDB. The corresponding δ18O of magnesite 
relative to VSMOW is 14.55 ± 0.29‰. Clumped carbonate ther-
mometry suggests that the temperature at which magnesite formed 
or last equilibrated is 147 ± 13 °C (39) (SI Appendix, Table S5). 
Note that the matrix of sample DR538-R1 is dominated by mag-
nesite (~50 vol.% based on hyperspectral Raman imaging) but 
also features small veins composed of dolomite, calcite, and/or 
aragonite.

Discussion

Conditions of Mineral Carbonation in Oceanic Peridotite. This 
study documents localized to pervasive magnesite formation 
arising from mineral carbonation of submarine-deformed 
peridotite in the vicinity of the SPR archipelago. Minerals 
that form during mineral carbonation provide a record of the 
environmental conditions that led to their formation, which can 
be deduced using thermodynamic tools. If (local) equilibrium is 
established and the temperature of mineral carbonation is known, 
thermodynamic phase relations can be used to approximate the 
composition of a fluid that co-exists with a magnesite-bearing 
mineral assemblage (29). Clumped isotope thermometry of 
soapstone yields a temperature of ~150 °C at which magnesite 
formed or last equilibrated. If magnesite was in local equilibrium 
with talc and assuming the activity “a” of H2O = 1, aCO2(aq) in 
the hydrothermal fluid is bracketed by the invariant points of the 
mineral assemblages serpentine–talc–magnesite and quartz–talc–
magnesite (29). At 150 °C and 50 MPa, which corresponds to a 
depth of ~1 to 1.5 km below the seafloor at a water depth of 1 
km, thermodynamic phase relations suggest that aCO2(aq) must be 
higher than 0.002 (or ~2 mM assuming the activity coefficient of 
CO2(aq) is close to 1) and lower than 0.038 (or 38 mM) to stabilize 
magnesite and talc (29).

To provide additional constraints on the composition of the 
hydrothermal fluid that caused mineral carbonation of serpentinized 
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Fig. 2. Backscattered electron (BSE) images and hyperspectral Raman maps 
of magnesite mineralization in ultramafic rocks from the St. Paul’s transform 
fault. BSE of composite carbonate vein (A) composed of magnesite (Mgs) in 
the vein center, rimmed by dolomite (Dol), Mg-calcite (Mg-Cal), and calcite 
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hydrothermal fluid. Sample DR539-R3. (B) BSE image of vein composed 
of talc (Tlc) and magnesite (sample DR538-R1). (C) BSE images of talc vein 
cutting magnesite vein (DR539-R3). (D) Raman map of magnesite and talc 
in soapstone matrix (DR538-R1). Legend is the same as in (F) for all Raman 
maps. (E) Raman map of magnesite vein with minor talc adjacent to olivine 
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and minor talc associated with foliated olivine and amphibole (DR541-R4).

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

"W
O

O
D

S 
H

O
LE

 O
C

EA
N

 IN
ST

 L
IB

R
A

R
Y

, M
A

R
IN

E 
B

IO
LO

G
IC

A
L 

LA
B

" 
on

 M
ar

ch
 1

2,
 2

02
4 

fr
om

 IP
 a

dd
re

ss
 1

28
.1

28
.2

26
.4

4.

http://www.pnas.org/lookup/doi/10.1073/pnas.2315662121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315662121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315662121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315662121#supplementary-materials


4 of 8   https://doi.org/10.1073/pnas.2315662121� pnas.org

peridotite, we calculated a thermodynamic reaction path model for 
carbonation of sample DR538-R1 (Fig. 4 and Dataset S1). To that 
end, we adopted a modeling approach where serpentinized harzbur-
gite is allowed to react with a CO2-enriched hydrothermal fluid at 
150 °C and 50 MPa (29, 30). The predictions that most closely 
match our thin section observations (Fig. 2 and SI Appendix, 
Table S1), i.e., talc and magnesite in equal proportions with minor 
amounts of clay minerals and hematite, as well as a Mg# = 94 for 
magnesite (SI Appendix, Table S2), is at water/rock ratios of 246 to 
277 where the predicted mineral assemblage is 43 to 47 vol. % talc 
and magnesite, each, 3.5 to 4 vol.% hematite, and 5 to 6.5 vol.% 
clay (saponite). Here, magnesite is predicted to host 638 to 667 kg 
CO2 (22 to 23 wt.%) per m3 of soapstone with a density of 2,900 
kg/m3. The predicted concentrations of CO2(aq) for this range are 
~30 mM, i.e., on the higher end of the prediction that is based on 
the univariant phase equilibrium approach (29). The predicted 
in situ pH of 4.9 is slightly acidic compared to a neutral in situ pH 
of 5.7 at 150 °C and 50 MPa. The predicted Mg/Ca ratio of the 
fluid is initially low as serpentinization fluids tend to be depleted in 
Mg but enriched in Ca (40, 41) but the addition of a CO2-enriched 
fluid releases Mg from brucite and serpentine, which causes an 
increase in the Mg/Ca ratio to ~5.3. When mineral carbonation 

ceases, the Mg/Ca of the fluid is expected to decrease, as recorded 
in zoned Mg–Ca carbonate veins of sample DR539-R3 (Fig. 2A). 
Serpentine and brucite buffer Si to low concentrations at moderate 
to low temperatures (42, 43). The addition of a CO2-enriched fluid 
causes a strong increase in the concentration of dissolved Si due to 
the dissolution of silicate minerals and is effectively buffered by talc 
and magnesite at the modeled conditions (28, 30).

Because graphite occurs together with magnesite, serpentine, 
and talc in fluid inclusions of sample DR538-R3, graphite Raman 
thermometry can be applied to approximate the temperature of 
their formation (or peak exposure temperature) inside the inclu-
sions. We used the program IFORS (Iterative Fitting of Raman 
Spectra) to deconvolute the D and G graphite Raman bands and 
generate curve functions that sum to the composite Raman spec-
trum (44) (SI Appendix, Tables S6 and S7). Temperatures calcu-
lated using empirical methods (45) for graphite in fluid inclusions 
of sample DR538-R3 range from 378 °C to 461 °C. If magnesite 
formed together with graphite, the minimum CO2(aq) concentra-
tion to form magnesite at the expense of olivine (defined by the 
invariant point olivine-brucite-magnesite if aH2O is 1) at 378 °C 
and 50 MPa is ~150 mM. To stabilize magnesite together with 
talc at 375 °C and 50 MPa, the minimum CO2 concentration is 
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Fig. 3. Whole rock major and trace elements of peridotite mylonite from the SPR area in comparison to alkali olivine basalt (sample AII-20-43-49) and hornblende 
(Hbl) mylonite (both from the SPR area), highly vesicular basalt (popping rocks) from the 14°N and 43°N areas on the MAR, as well as normal MAR MORB. As 
the Mg/Si of SPR mylonite decreases the concentration of incompatible elements increase toward the composition of AII-20-43-49. See text for discussion.
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~1.6 M (29). If correct, CO2 was at significantly higher concen-
tration in the higher temperature hydrothermal fluid that was 
trapped in fluid inclusions than in the cooler fluid that caused 
pervasive magnesite formation in soapstone (~30 mM). However, 
graphite only forms in our model predictions if the formation of 
CH4 is suppressed. Because CH4 and graphite co-occur together 
with talc and magnesite inside olivine-hosted fluid inclusions 
(SI Appendix, Fig. S3), it seems likely that graphite can form when 
CH4 formation is sluggish but not completely inhibited. 
Otherwise, our model predictions closely match the observed 
mineral assemblages, suggesting that the hydrothermal fluids 
responsible for mineral carbonation were strongly enriched in 
CO2(aq) over a wide range of temperatures from 150 °C to 375 °C. 
For comparison, hydrothermal fluids from the Main Endeavour 

Field on the intermediate-spreading Juan de Fuca ridge are 
strongly enriched in CO2 (~100 mM) which has been attributed 
to degassing of basaltic magma (13, 46). While reported concen-
trations of CO2(aq) from hydrothermal systems at slow-spreading 
ridges are lower (e.g., 26 mM, 47), CO2-saturated basalt (dubbed 
popping rocks) from the slow-spreading Mid-Atlantic Ridge  
(8, 48) attest that magmatic degassing is not limited to interme-
diate- or fast-spreading ridges and can conceivably lead to strong 
enrichments in hydrothermal vent fluids as well.

Melt Impregnation and Magmatic Degassing as the Likely 
Source of CO2 for Mineral Carbonation. The principal sources 
of CO2 in oceanic environments include seawater, metamorphic 
decarbonation of C-bearing sediments and altered oceanic crust, 
and magmatic degassing. The hydrothermal fluid in equilibrium 
with magnesite in sample DR538-R1 had a calculated δ18O of 
0.8 (SI  Appendix, Supporting Text), similar to seawater-derived 
hydrothermal fluids emanating from submarine vents on the Mid-
Atlantic Ridge (49, 50). However, the concentration of CO2(aq) 
in seawater is too low (~2.2 mmol/kg) to account for mineral 
carbonation of the studied samples. Metamorphic decarbonation 
of C-bearing sediments and altered oceanic crust, e.g., due to 
increasing pressure and temperature (as in subduction zones), 
seems unlikely to occur and cause widespread carbonation in 
oceanic transform faults. This leaves us with magmatic degassing as 
the probable source of CO2 for mineral carbonation at an oceanic 
transform fault, an environment that, in general, is believed to be 
magma-poor relative to oceanic spreading centers.

An alkali olivine basalt lava flow from the northern flank of the 
SPR archipelago collected during cruise 20 of RV Atlantis-II 
(dredge 43) contains altered peridotite and peridotite mylonite 
xenoliths similar to the ones exposed at the SPR archipelago (36, 
51–53). Its Quaternary age is indicative of recent (54), possibly 
ongoing magmatism in the area. The location of the eruption is 
~130 km east of the spreading axis in crust that is approximately 
7.8 to 8 Ma, suggesting that melt is (or recently was) present below 
the transform fault. At this distance, the low extent of melting in 
the “wings” of the melting region results in strong CO2 and H2O 
enrichments, as with other incompatible elements. Mantle flow 
away from the ridge axis and the long distance to the axis prevents 
focusing of these melts toward the ridge, leaving them stranded 
in the wings of the melting region (55). The melts can pool at the 
oceanic lithosphere–asthenosphere boundary in lenticular melt 
bodies (56) and subsequently impregnate the lithosphere (57) or 
they are extracted by small-scale convection (58), thereby contrib-
uting to off-axis magmatism (59).

Alkali olivine basalt in dredge 43 is highly vesicular suggesting 
that it was volatile-rich when emplaced. The CO2 content of basalt 
before degassing can be reconstructed using the empirical rela-
tionship CO2/Ba = 81.3 (5, 8). For the Ba concentration of sample 
AII-20-43-49 of ~300 µg/g (36), the calculated CO2 content of 
undegassed basaltic melt would be 2.4 wt.%, even exceeding CO2 
concentrations of popping rocks from the 14°N area on the 
Mid-Atlantic Ridge (8, 12). Although we cannot rule out 
C-contributions from the peridotite precursor (i.e., before melt 
impregnation and mineral carbonation), the δ13C value of mag-
nesite −3.40 ± 0.04‰ likely reflects the δ13C of the magmatic 
CO2 enriched in the hydrothermal fluid from which magnesite 
precipitated. Notably, the measured value is virtually identical to 
that of one of the CO2-richest popping rocks from the 14°N area 
(sample CR3-1, δ13C = −3.44‰), similar to highly vesicular alkali 
basalt from the 34°50′N area on the MAR (48, 60) and consistent 
with mantle CO2 as sampled by mid-ocean ridge basalt (MORB) 
glasses (61). In addition to these isotopic similarities, there is 

CO2

Fig. 4. Thermodynamic reaction path model for mineral carbonation of serpen
tinized peridotite. The model assumes that 1 kg of peridotite is serpentinized by 
1 kg of heated seawater at 250 °C and 50 MPa (based on abundant magnetite 
in relict serpentinite in sample DR538-R1) and subsequently flushed with 250 
kg of a CO2-enriched hydrothermal fluid (52 mmol/kg) at 150 °C and 50 MPa 
(based on clumped carbonate thermometry). As the hydrothermal fluid is 
added to the serpentinite in small increments, both are allowed to equilibrate. 
This causes changes of the secondary mineralogy and the fluid composition. 
To reproduce the observed mineral assemblage and relative proportions of 
magnesite and talc, the model suggests that the concentration of CO2(aq) likely 
was about one order of magnitude higher than that of seawater (~30 mmol/
kg) while the in situ pH was ~5. Notably, the concentration of dissolved Mg 
increases while that of Ca decreases as hydrothermal fluid is added, consistent 
with changes in Mg/Ca that influence the composition of carbonate minerals 
as, e.g., in Fig. 2A.
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geochemical and textural evidence for impregnation of peridotite 
by a basaltic melt prior to mylonitization. The ultramafic rocks 
examined in this study range in composition from depleted 
harzburgite to HFSE-, LILE-, and alkali-enriched harzburgite and 
lherzolite. Concentrations of Hf, Zr, Ti, Nb, and Ta as well as the 
REE increase with decreasing MgO/SiO2 (Fig. 3). The composi-
tions of alkali olivine basalt AII-20-43-49 from the northern sub-
marine flank of the SPR archipelago, alkali olivine basalt from the 
43°N transform valley (62), popping rocks from the 14°N area 
on the MAR (8), as well as MORB compositions compiled using 
the PetDB (EarthChem) database are shown for comparison. The 
increase in incompatible element concentrations toward the com-
positions of mafic rocks with decreasing MgO/SiO2 suggests 
impregnation of peridotite by a melt with composition similar to 
the CO2-rich alkali olivine basalt AII-20-43-49, which is consist-
ent with REE patterns of clinopyroxene in peridotite (57). The 
crystallization of minerals, even hydrous minerals such as amphi-
bole, during melt impregnation can cause enrichments of incom-
patible elements and CO2 in percolating fluids. Melt impregnation 
and degassing may operate simultaneously or successively, depend-
ing on the depth at which melt impregnation occurs (or occurred); 
however, both processes can contribute CO2 to drive mineral 
carbonation. The presence of deformed pargasitic amphibole por-
phyroclasts suggests melt-impregnation took place prior to mylo-
nitization above the brittle-ductile transition temperature at ~700 
°C (63). In this scenario, the enrichment of alkalis and REE as 
well as the formation of amphibole result from impregnation of 
peridotite by alkaline melts (57), and in contrast to previous sug-
gestions (36, 52, 64, 65), the impregnated peridotite does not 
represent the source of the alkali basalt in the SPR area.

Where exactly melt impregnation took place cannot be answered 
unequivocally based on available age constraints. Considering the 
alkali basalt lava flow is of Quaternary age, it seems likely that melt 
impregnation took place recently. This is consistent with the low U/
Pb ratios of apatite in sample DR541-R4. Moreover, melt-impregnation 
of peridotite is evident north and south of the transform fault trace 
which runs roughly E-W through the SPR massif. Because compo-
sitional trends suggest that one alkali-olivine basalt magma was 
responsible for melt impregnation, it seems unlikely that this would 
have happened at two conjugate Mid-Atlantic Ridge segments, North 
and South of the fault. Hence, we infer that melt impregnation took 
place close to the present location of SPR. Because pargasitic amphi-
bole porphyroclasts underwent deformation during mylonitization, 
melt impregnation must have occurred above the brittle–ductile 
transition temperature, i.e., higher than 700 or 800 °C (66). Previous 
melting experiments on amphibole mylonite from SPR suggest that 
amphibole can be stable at the liquidus between 1 and 1.6 GPa with 
2 wt.% water at 1,175 °C or with excess water between 1 and 2.1 
GPa at 1,075 °C (67). While these constraints are consistent with 
melting in thick and cold lithosphere of the equatorial Atlantic (57, 
68, 69), the exact pressure-temperature conditions of melt impreg-
nation remain unknown.

Melt impregnation and the formation of amphibole prior to 
mylonitization is followed by fluid entrapment within olivine- 
hosted fluid inclusions, between ~400 and 600 °C (19). Raman 
thermometry of graphite in the mylonite matrix is consistent with 
fluid–rock interactions above 400°C (SI Appendix, Table S7) but 
at these temperatures thermodynamic phase relations suggest that 
extremely high CO2(aq) concentrations (>3.2 M) would be required 
for talc and magnesite to be stable (29), effectively preventing 
pervasive mineral carbonation of peridotite. As temperatures 
decrease, thermodynamic and kinetic constraints become favora-
ble for mineral carbonation (29).

Prevalent Mineral Carbonation of Peridotite at Oceanic 
Transform Faults. The formation of carbonate minerals in 
oceanic mantle rocks typically involves calcite, aragonite, or 
dolomite. Magnesite is a major reaction product of ultramafic 
mineral carbonation in orogenic and in subduction-zone related 
continental settings but has rarely been reported from mid-ocean 
ridges (27). Magnesite can form during mineral carbonation 
in environments where peridotite or serpentinite interact with 
CO2-enriched hydrothermal fluids. It is possible that the apparent 
lack of magnesite in most oceanic peridotite studied to date 
reflects a sampling bias or that the concentration of CO2(aq) from 
magmatic degassing is insufficient to create conditions conducive 
to widespread mineral carbonation.

While the undegassed CO2 content of a normal MORB magma 
at oceanic spreading centers is significantly lower than that of alkali 
basalt (33), magmatically robust spreading centers are also devoid 
of peridotite exposures on the seafloor. Conversely, mantle-derived 
peridotites are abundant along transform faults and fracture zones 
because of the reduced magma production at the cold tip of oce-
anic spreading segments. Hence, it is plausible that magnesite 
formation during mineral carbonation could be prevalent in oce-
anic transform faults because of the confluence of CO2-rich hydro-
thermal fluids from degassing of alkaline melts and the widespread 
presence of peridotite. Although the overall extent of mineral 
carbonation and the stored amount of CO2 in ultramafic rocks at 
oceanic transform faults remains unknown, the potential for geo-
logical carbon sequestration in peridotite seems substantial con-
sidering that it can host several hundred kg of CO2 per m3 and 
that the overall length of oceanic transform faults rivals that of 
the global mid-ocean ridge system.

Our findings describe a previously unrecognized part of the 
geologic carbon cycle in oceanic transform faults. Limited 
extents of melting, magmatic degassing, and the resulting 
enrichments of CO2 in percolating hydrothermal fluids cause 
mineral carbonation of mantle peridotite. While these processes 
have only been recognized at the St. Paul’s transform fault thus 
far, they may be a pervasive feature at oceanic transform faults 
that connect slow- and ultraslow-spreading ridges because man-
tle peridotite is the dominant lithology and extents of melting 
are generally low. Hence, the mass transfer of magmatic CO2 
to the altered oceanic mantle and seawater may be larger than 
previously thought.

Materials and Methods

Peridotite mylonite samples from the submarine flanks of the SPR archipelago 
(also referred to as Arquipélago de São Pedro e São Paulo), St. Paul’s transform 
fault, equatorial Mid-Atlantic Ridge, were collected using the HOV Deep Rover 
during cruise AL170602 of MV Alucia. The dive tracks and locations of the col-
lected samples are indicated in Fig. 1. A bathymetric survey of the seafloor sur-
rounding the archipelago was conducted using a Reson 7160 Multibeam system. 
Raw multibeam data were processed using MB-System software (70). Processed 
soundings were gridded with Surfer® (Golden Software, Golden, CO) using a 
nearest-neighbor algorithm to create a bathymetric map (Fig. 1, cf. ref. 71).

Thin sections were inspected in transmitted and reflected light using a petro-
graphic microscope, with a scanning electron microscope (Hitachi TM3000) in 
backscattered electron (BSE) mode and using a confocal Raman microscope to 
determine their mineralogy in a microstructural context. Raman spectroscopy 
including hyperspectral Raman imaging was conducted using a Horiba LabRam 
HR system and a green (532 nm) laser, a grating with 600 grooves per mm, and 
a 100× objective with a numerical aperture of 0.9. The instrument was calibrated 
using the 520.7 cm−1 band of Si before and after each session. The acquired 
spectra were processed with the LabSpec 6 software suite and compared with 
reference spectra (72, 73) for identification of minerals.
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A Cameca SX-100 electron microprobe analyzer at the University of Bremen 
(Germany) was used to determine the compositions of carbonate minerals. 
Samples were analyzed with a 15 keV accelerating voltage, 8 nA beam current, 
and a 10 µm spot size. Analytical conditions were checked for drift by analyzing 
calcite, dolomite, and siderite standards between every ~20 sample analyses.

Major and trace element analyses were performed using X-ray fluores-
cence and inductively coupled plasma mass spectrometry at the Peter Hooper 
GeoAnalytical Laboratory (University of Washington, Pullman, WA) using estab-
lished methods (74–77).

The clumped isotope analysis and thermometry were performed at Imperial 
College, London, using the fully automated Imperial Batch EXtraction system 
following the method described by Adlan and John (78) and Adlan et al. (79). 
The standard-to-samples ratio used in our study is one standard for every three 
sample measurements. Mass 48 and mass 49 signal spikes were monitored 
for each measurement to detect hydrocarbons, chlorocarbons (80, 81), and 
sulfur-bearing contaminants (81, 82). To be deemed clean, a replicate analysis 
needed a Δ48 offset value <1.5‰ and/or a 49 parameter value <0.3 (83). 
Calculations and corrections of raw Δ47, δ18O, and δ13C were performed using 
the free software Easotope (84). Non-linearity in the mass spectrometer was 
corrected with the pressure baseline correction methods developed at ETH 
Zürich (85), and the Δ47 values projected in the inter-laboratory absolute 
reference frame or Intercarb Carbon Dioxide Equilibrated Scale (I-CDES) (86) 
based on our routinely measured ETH1, ETH2, ETH3, ETH4, and our internal 
Carrara marble carbonate standards (86–88). This Δ47 (I-CDES) was used to 
calculate the temperature of crystallization for the magnesite by applying a 
recent multi-lab calibration (89).

Reaction path models were calculated using the software package EQ3/6 (90) 
and a customized thermodynamic database for 50 MPa and 2 to 400 °C (22, 
91). A pressure of 50 MPa would correspond to 1 to 2 km below the seafloor, 
depending on water depth and rock density (i.e., extent of alteration). The mod-
eling approach was adapted from that used in Klein and Garrido (29). In brief, 
the in-situ equilibrium speciation of seawater was calculated for 250 °C, 50 MPa, 
and subsequently, 1 kg of the speciated fluid was allowed to equilibrate with  
0.5 kg of peridotite (olivine : orthopyroxene : clinopyroxene = 80:15:5 vol.%) 

to form serpentinite. A temperature of 250 °C was chosen to account for the 
abundance of magnetite in relict serpentinite which formed prior to carbonation 
of sample DR538-R1. In the next step, seawater was heated to 150 °C and reacted 
with CO2(aq) to yield a hydrothermal fluid with a CO2(aq) concentration of 50 mM. In 
the last modeling step, 250 kg of the CO2-enriched hydrothermal fluid was added 
in small increments to serpentinite to mimic mineral carbonation. Because the 
serpentinite was in equilibrium with 1 kg of the CO2-poor fluid from the previous 
modeling step, and because some of the CO2(aq) reacted with serpentinite to form 
magnesite, the actual concentration at the end of the model run was 30.8 mM.

Data, Materials, and Software Availability. Dataset  S1 data have been 
deposited in Zenodo (92). All other data are included in the manuscript and/or 
supporting information.
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