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Abstract We address in situ serpentinization and mineral carbonation processes in oceanic lithosphere
using integrated field magnetic measurements, rock magnetic analyses, superconducting quantum interference
device (SQUID) microscopy, microtextural observations, and energy dispersive spectroscopy phase mapping.
A representative suite of ultramafic rock samples were collected, within the Atlin ophiolite, along a 100-m
long transect across a continuous outcrop of mantle harzburgite with several alteration fronts: serpentinite,
soapstone (magnesite + talc), and listvenite (magnesite + quartz). Strong correlations between changes in
magnetic signal strengths and amount of alteration are shown with distinctive contrasts between serpentinite,
transitional soapstone, and listvenite that are linked to the formation and breakdown of magnetite. While
previous observations of the Linnajavri ultramafic complex indicated that the breakdown of magnetite occurred
during listvenite formation from the precursor soapstone (Tominaga et al., 2017, https://doi.org/10.1038/
$41467-017-01610-4), results from our study suggest that magnetite destabilization already occurred during the
replacement of serpentinite by soapstone (i.e., at lower fluid CO, concentrations). This difference is attributed
to fracture-controlled flow of sulfur-bearing alteration fluid at Atlin, causing reductive magnetite dissolution

in thin soapstone zones separating serpentinite from sulfide-mineralized listvenite. We argue that magnetite
growth or breakdown in soapstone provides insight into the mode of fluid flow and the composition, which
control the scale and extent of carbonation. This conclusion enables us to use magnetometry as a viable tool for
monitoring the reaction progress from serpentinite to carbonate-bearing assemblages in space and time with a
caution that the three-dimensionality of magnetic sources impacts the scalability of measurements.

Plain Language Summary Magnetic remote sensing has been used in unlocking otherwise
inaccessible information about geodynamic processes. Here, we expand and use magnetometry to monitor in
situ mineral carbonation processes in mantle peridotite, one of the major rock formations that compose this
planet Earth. We conducted integrative magnetometry-geochemistry observations in the field and lab using
magnetic measurements, rock magnetic analyses, superconducting quantum interference device microscopy,
microtextural observations, and energy dispersive spectroscopy phase mapping. Based on results from this
integrative approach, we observe a correlation between magnetic signal and in situ carbonation process. This
observation supports the idea that magnetic measurements can delineate carbonation extent and degree in
peridotite alteration processes. We also observe that fluid chemistry and flow mode impact the magnetic signal
of incipient carbonation. Altogether, our study enables us to further use magnetometry results in monitoring in
situ peridotite carbonation, and possibly, the mode of fluid flows during the chemical process.

1. Introduction

Magnetic remote sensing has been used in unlocking otherwise inaccessible information about geodynamic
processes. Changes in magnetic anomalies, and magnetization distribution as inferred from magnetic data inver-
sion, emerge from one or a combination of the contrast between geomagnetic polarity reversals at the time of
remanence acquisition, source geometry/structural contrast (e.g., faults), and/or variations in magnetic carriers
and rock composition. Inverse modeling of magnetic signals is applied to decipher crustal architecture, the nature
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and distribution of mineral deposits, and global plate tectonics (e.g., Galley et al., 2020; Maffione et al., 2014;
Szitkar et al., 2014).

Recent studies suggested that the extent and mode of metasomatic processes, including serpentinization and
carbonation of mantle rocks, could be effectively monitored in situ through changes in rock magnetic properties
resulting from the production and replacement of magnetite that controls crystallization remanent magnetiza-
tion (e.g., Cutts et al., 2021; Tominaga et al., 2017). In the world's oceans, mantle rocks are exposed on the
seafloor at slow and ultraslow spreading mid-ocean ridges that account for ~30% of today's active ridge system
(e.g., Cannat, 1996). Delineating the rate and extent of serpentinization and carbonation of mantle rock within
the oceanic lithosphere is fundamental for advancing an understanding of the effect of hydrothermal processes
on rock physical properties such as rheology and density and for constraining the feedstock availability for
geological CO, sequestration (e.g., Beinlich et al., 2012; Kelemen & Matter, 2008; Kelemen et al., 2022; Szitkar
et al., 2014). It also has a significant implication for the existence of deep biosphere (e.g., Daae et al., 2013;
Jgrgensen & Zhao, 2016).

However, there have only been a small number of studies using magnetic remote sensing to delineate subsurface
serpentinization and mineral carbonation. Particularly limited are studies that investigate the temporal varia-
tion and complexity of crystallization remanent magnetization based on spatially separated alteration zones that
represent snapshots of propagating rock alteration fronts. Current knowledge about peridotite serpentinization
and mineral carbonation is largely based on purely petrologic and geochemical field observations, thermody-
namic modeling, and experimental studies (e.g., Bach et al., 2006; Beinlich & Austrheim, 2012; Frost, 1985;
Kelemen & Matter, 2008; Klein & Garrido, 2011; Krevor & Lackner, 2011; McCollom & Bach, 2009; Pliimper
etal., 2014). There are only a few magnetometry studies in ophiolites (e.g., Airo, 2002; Cutts et al., 2021; Michels
et al., 2018; Tominaga et al., 2017) that focused on bridging the scales from laboratory analyses to field obser-
vations. However, the link between magnetic signals and in situ chemical processes requires further investigation
for establishing magnetometry as a monitoring tool for in situ chemical processes. As a next step, it is essential
to understand how fluid flow and the resulting metasomatic alteration, and thereby crystallization remanent
magnetization of rock, affect magnetic signals. Closely investigating a well-exposed outcrop with a spatially
continuous section of variably serpentinized and carbonated rocks could provide a key understanding of the reac-
tions progress during active alteration in situ and their evolution as a magnetic source.

In this study, we address the applicability of magnetic measurements for understanding serpentinization and
carbonation processes in situ, using observations from a fragment of ancient seafloor that is now exposed at the
Atlin ophiolite, British Columbia, Canada (Figure 1). We report the results from a comprehensive suite of rock
magnetic analyses, superconducting quantum interference device (SQUID) magnetic microscopy, petrological
observations, and geochemical mapping of representative rock samples. The samples for this study were system-
atically collected along a survey transect that allows us to characterize the effects of hydrothermal hydration and
carbonation of oceanic lithosphere on rock magnetic properties (Figure 1), thus complementing previous insights
gained at the Linnajavri ultramafic complex, Norway (Tominaga et al., 2017). Our observations show that the
mode of hydrothermal alteration results in distinct magnetic fingerprints dictated by the alteration degree and
distribution within the investigated rock formation.

2. Geological Background
2.1. Geodynamic History of the Atlin Ophiolite

The Atlin ophiolite is an upper mantle section of the Tethyan oceanic lithosphere and part of the regional Cache
Creek terrane of the Canadian Cordillera. The Cache Creek terrane is interpreted as an exotic block compris-
ing oceanic uppermost mantle, crustal and sedimentary rocks accreted to the adjacent Stikinia and Quesnellia
arcs during the Middle Jurassic (~165 Ma) followed by Lower Cretaceous (~140 Ma) amalgamation with the
North American plate (Ash & Arksey, 1990; Johnston & Borel, 2007). The stratigraphic relationships between
Cache Creek seamounts, Paleozoic to Jurassic shallow to deep-water chemical and clastic sedimentary rocks,
and Triassic conglomerates suggest that the oceanic fragments of the Cache Creek terrane formed at spreading
ridges in the Paleo-Tethys on the eastern side of the South Chinese Crustal Block (Johnston & Borel, 2007). The
North America plate reconstruction model suggests that the Cache Creek terrane's paleolatitude remained near
its current location from the time of accretion (Matthews et al., 2016; Miiller et al., 2018; See also Figure S1 in
Supporting Information S1).
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Figure 1. Geological map of the Atlin ophiolite (after Ash, 1994). The upper left inset shows the location of Atlin in relation to British Columbia. The upper right inset
shows the location of our survey transect near the Anna Au showing on top of Monarch Mountain. In the inset, red, purple, pink, and orange colors indicate dunite,
harzburgite, serpentinite, and listvenite, respectively. See Figure 2 for the imagery of sampling sites along the survey transect.

The Atlin ophiolite is predominantly composed of harzburgite with subordinate dunite, and is variably altered
to serpentinite and listvenite (Ash & Arksey, 1990; Hansen et al., 2005). In few places, additional soapstone is
present as thin and spatially isolated transitional alteration assemblage. In the serpentinite, fault and the alignment
of bastite alteration zones after primary orthopyroxene with penetrative S2 foliation fabric, both of which crosscut
the primary magmatic fabric, indicates syn-deformational alteration, potentially coeval with the obduction of the
ophiolite (Ash, 1994). The intensity of the S2 foliation fabric varies from weak to localized mylonitic high-strain
zones. Such high-strain zones are present near the tectonic margins of the ophiolite and at the western side of
Monarch Mountain along a prominent east-trending normal fault. The latter hosts the Gold Star lode gold occur-
rence and is surrounded by a well-developed alteration halo where the deformed and serpentinized harzburgite is
pervasively altered to listvenite (Figure 1) (Ash, 1994; Ash & Arksey, 1990).

The spatial relationship between deformation structures, mineralization, and the location of serpentinite and list-
venite indicates that the Atlin ophiolite underwent multiple episodes of hydrothermal alteration by aqueous and
carbon-bearing fluids and constrains the timing of CO,-bearing fluid flow to the waning stage of ophiolite obduc-
tion or later. This is consistent with the 161-174 Ma “°Ar-**Ar age range of Cr-muscovite after primary Cr-spinel
sampled at several of the Atlin gold showings, one of which is from the Anna location near our survey site
(Figure 1) (Ash, 1994,2001), and the 210-280°C fluid inclusion temperature range obtained from listvenite-hosted
quartz-carbonate veins (Andrew, 1985). The source of the fluids for mineralization and carbonation is difficult to
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Figure 2. Summary of the field survey along the 100 m transect at Monarch Mountain, Atlin. (a) Crustal scale gravity (top:
free air (blue) Bouguer (red) anomalies, with 2.67 g/cm? reduction density (See Text S1 in Supporting Information S1).)
and (b) magnetic anomaly measurements (observed (red dotted; nT) and forward model results (red solid; nT) based on
magnetization model (blue circles, Am?)). (c) Changes in elevation over the survey transect. All measurements were taken
with a 1 m sampling interval. The stars indicate the locations of the five representative rock samples shown in the imagery.

precisely constrain. However, Ash (2001) suggested amphibolite-facies dehydration of local metasediments, deep
circulation of meteoric water, and possibly magmatic fluids related to the 172 + 3 Ma Fourth of July Batholite
(Mihalynuk et al., 1992) ~4 km to the north of the Atlin ophiolite. Extensive hydromagnesite-magnesite playas in
the surrounding wetlands are formed by current weathering of the Atlin ophiolite (e.g., Mavromatis et al., 2021;
Power et al., 2014).

2.2. Magnetic Understanding of Serpentinization and Carbonation of Mantle Peridotite

Peridotite is the dominant rock type of the upper ~400-km of the Earth's mantle and consists of more than 60 vol.%
of the mineral olivine (Mg,Fe),SiO,) with additional pyroxene ((Ca, Mg, Fe),Si,0;). Peridotite is exposed along
slow and ultraslow mid-ocean ridge spreading centers, oceanic core complexes (e.g., Cannat, 1996), and differ-
ent forms occur in the continental crust as intrusions and within ophiolites. Peridotite is readily altered in the
presence of reactive fluid via dissolution of the primary silicate minerals and subsequent precipitation of the
secondary silicate and/or carbonate minerals, depending on the fluid composition and alteration pressure and
temperature. Under typical subseafloor alteration conditions (i.e., temperature, 7' S 400°C, pressure, P < 6 kbar,
reaction-buffered oxygen fugacity, fO,, silica activity, aSiO, ,,
dotite alteration by aqueous fluids results in the formation of secondary serpentine ((Mg,Fe),Si,0,(OH),) and
brucite (Mg,Fe)(OH),). At temperatures above 200°C, serpentinization is further accompanied by the forma-

and low carbon dioxide activity, aCO, ), peri-

tion of abundant magnetite (Feg’“FezJr O,), which drives the formation of molecular hydrogen (H,) that has been
thought to provide an important energy source for deep-sea microorganisms (e.g., Klein et al., 2014; Maffione
et al., 2014; Malvoisin et al., 2012). The reducing conditions prevailing during serpentinization frequently result
also in the formation of metallic alloys (for example, awaruite (Ni, ,Fe)) and native metals (e.g., Frost, 1985;
Lorand, 1987; Pliimper et al., 2014). Tectonic emplacement of ultramafic oceanic lithosphere onto continental
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crust commonly involves alteration by fluids that have previously been in contact with carbon-bearing conti-
nental rocks and sediments and hence are CO,-bearing. Such alteration results in the formation of assemblages
containing carbonate minerals (calcite (CaCO,), dolomite CaMg(CO,),, magnesite (MgCO,)) in addition to talc
(Mg,Si,0,,(OH),) and/or quartz (SiO,) that are rare or even absent from pristine seafloor serpentinite (Bach
et al., 2006; Beinlich et al., 2012; Beinlich, Pliimper, et al., 2020; Frost, 1985; Frost & Beard, 2007; Hansen
et al., 2005; Klein & Garrido, 2011; Klein et al., 2009; Menzel et al., 2020). Depending on the concentration of
dissolved carbon at given temperature and pressure, peridotite carbonation by COH-fluids results in different
alteration assemblages termed ophimagnesite (magnesite + serpentine), soapstone (magnesite + talc), and list-
venite (magnesite + quartz)—in order of increasing fluid carbon concentration. Additional minor phases (e.g.,
tremolite) may form depending on protolith composition and mass-transport during the alteration.

Fe initially in the primary olivine will partition into secondary minerals depending on the alteration conditions
and the Fe-Mg exchange potential that dictates a general preference for Fe in the order olivine > serpentine > talc
(e.g., Frost & Beard, 2007; Trommsdorff & Evans, 1972). Consequently, the replacement of olivine by serpen-
tine, of serpentine by talc and magnesite (i.e., soapstone) and then by quartz and magnesite (i.e., listvenite) is
supposed to result in the formation of additional one or more Fe-bearing phases. Typically, the Fe-rich phase is
magnetite unless elevated fo, in relatively shallow alteration settings stabilizes hematite (Fe§+03) and/or goethite
(Fe**O(OH)). Hence, peridotite carbonation to soapstone and listvenite is theoretically expected to increase
the rock's magnetite content, and consequently also its magnetic susceptibility and remanent magnetization.
However, some previous observations do not support this prediction (Airo, 2002; Ash & Arksey, 1990; Hansen
et al., 2005). Tominaga et al. (2017) presented magnetic and textural observations for the breakdown of magnet-
ite and formation of Fe-enriched magnesite resulting in a distinct decrease in magnetic field strength during the
most intense carbonation that is consistent with those previous observations (Airo, 2002; Ash & Arksey, 1990;
Hansen et al., 2005). Tominaga et al. (2017) suggested that listvenite formation is associated with the formation
of nonmagnetic minerals at the expense of magnetite, most likely aided by reductive dissolution of magnetite
through the presence of dissolved sulfur species in the reactive fluid.

The formation and then breakdown of magnetite during progressive peridotite alteration in both oceanic and
continental settings have been recognized to change the magnetic properties of the rock (Hansen et al., 2005;
Malvoisin et al., 2012; Tominaga et al., 2017). These changes are intrinsically related to the timing of acquisition
and stability of the rock's magnetic natural remanent magnetization (NRM). In the case of serpentinite, most of
the characteristic remanence is crystallization remanent magnetization (Dunlop & Ozdemir, 1997) acquired by
the formation of magnetite during the serpentinization (e.g., Malvoisin et al., 2012; Oufi et al., 2002). This rema-
nent magnetization has been recognized as a source of magnetic anomalies within slow- and ultraslow-spreading
seafloor and ophiolites, including the Atlin ophiolite (e.g., Ash & Arksey, 1990). The NRM of such serpentinite
samples has been found to have a smaller median destructive field than that of basalts, probably related to the
larger grain size of the magnetic carrier minerals (e.g., Maffione et al., 2014; Malvoisin et al., 2012). However,
it has rarely been documented and discussed how the crystallization remanence magnetization of serpentinized
ultramafic rocks changes during subsequent carbonation reactions, despite the observed breakdown of magnetite
and associated reduction in magnetic signal strengths (e.g., Cutts et al., 2021; Tominaga et al., 2017).

3. Methods

3.1. Field Relationships and Petrology

Our survey was primarily conducted along a 100 m long transect line across a continuous outcrop of mantle peri-
dotite at Monarch Mountain, Atlin (59.5408°N, 133.6081°W) (as measured by a handheld GPS with accuracy
of +5-10 m) (Figure 1). The survey line transects zones of pervasive alteration of the precursor harzburgite to
serpentinite, and additional talc-magnesite (soapstone), and quartz-magnesite (listvenite) zones. While the degree
of serpentinization is difficult to determine in the field, the presence of carbonate is accompanied by a distinctive
color change from dark gray to rusty brown and allows for precise distance measurement of the carbonation front
at ~39 m from the origin of the survey transect. Besides this obvious change in mineral content of the rock, the
surface exposure along our survey line lacks visual evidence for rock heterogeneity.

Five representative unoriented rock samples were taken along the transect for chemical and microtextural anal-
yses as well as SQUID magnetic microscopy. These represent the serpentinized harzburgite (GM-LSH-96 and
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-74), soapstone (GM-LSH-69), and listvenite (GM-LSH-48 and 39) (Figure 2c¢). SQUID microscopy analyses
were performed on 30 pm thin sections made from each sample made with cyanoacrylate cement and with-
out heating to preserve the NRM. The same thin sections were also used for subsequent chemical and textural
analyses. The order in which magnetic and chemical analyses were performed ensured that the NRM of the
thin sections remained undisturbed by other analytical techniques. The hand specimens selected for thin section
preparation were subsequently used for bulk rock magnetic analyses.

Full thin section energy disperse spectroscopy (EDS) phase maps were obtained using a TESCAN Integrated
Mineral Analyzer (TIMA) high resolution field emission scanning electron microscope (FE-SEM) in full libera-
tion mode and at 3 pm spatial resolution at the John De Laeter Centre, Curtin University, Australia. The operating
conditions were 15 keV, 0.8 nA and a working distance of 10 mm. Processing of EDS spectra was done using the
TESCAN TIMA software. EDS phase abundance is given in area %, referred to as % in the text. The uncertainty
of the relative mineral proportions is estimated at most 5%.

3.2. Crustal Scale Magnetic Field Measurements

We conducted a series of magnetic field measurements along the survey line to detect magnetic anomalies at the
meter-scale using a hand-held Applied Physics Systems (APS) 3-axis fluxgate magnetic sensor. We conducted
measurements with two ~2.5 and 1 m sampling intervals for magnetometry, respectively, with at least 3—4 static
repeated measurements. The GPS coordinates and altitude of the measurement locations were recorded with a
handheld GPS. We also verified these measurements with the Canada digital elevation model (Natural Resources
Canada, 2019) to confirm the terrain elevation and overall topography (Figure 2b). The APS magnetometer
sensor has a 0.01 nT resolution with 1-20 Hz sampling rates for near-source magnetic mapping.

3.3. Rock Magnetic Measurements

Various rock magnetic experiments were conducted on the 5 lithologically representative samples (GM-LSH-96,
-74, -69, -48, and -39) (Figures 2, 4 and 5). All rock magnetic measurements on these samples were conducted
at the Institute for Rock Magnetism (IRM) of the University of Minnesota. Room temperature hysteresis
measurements were conducted on a Princeton Measurements Vibrating Sample Magnetometer (“VSM2” at IRM)
with a sensitivity of 107 Am?. The coercivity characteristics of dominant mineral assemblages were determined
by first-order reversal curves (FORC) (Figure 4a), hysteresis loops and backfield curves (Figure 4b). A total of
326-414 curves per sample were measured giving a field step width for adjacent FORCs of 100 mT. FORCs
were processed using FORCinel (Harrison & Feinberg, 2008) applying a smoothing factor of 10. The Geofyzika
KLY-2 KappaBridge alternating current (AC) Susceptibility Bridge was used to measure temperature-dependent
susceptibility (TDS) to determine the types of magnetic minerals (Figure 4c). Frequency-dependent susceptibility
(FDS) analyses were completed using a superconducting susceptometer (MPMS, “Blue” at IRM) to measure the
direct current (DC) zero field cooling/field cooling (ZFC/FC) and AC FDS (Figure 5). FDS measurements were
conducted with an AC that records magnetic susceptibility with a changing AC field between 1.0 and 99.9 Hz.

3.4. Scanning SQUID Microscopy

We used the scanning SQUID microscope at the Massachusetts Institute of Technology Paleomagnetism Labo-
ratory to characterize the submillimeter scale (~200 pm) total magnetic field distribution in the thin sections
(Figure 6). The SQUID microscope has ~0.01 nT sensitivity and measures the vertical component of the magnetic
field (i.e., normal to the sample's surface) above polished samples (Weiss et al., 2007). The samples' NRM field
was measured on a planar grid ~200 pm above the thin sections in a planar rectangular grid with a 75 pm spacing.
Using the same measurement configuration, we also mapped the thin sections after performing alternating-field
(AF) demagnetization up to 145 mT and subsequently imparting anhysteretic remanent magnetization (ARM)
with a bias field of 100 uT and a peak alternating field of 145 mT. The purpose of the ARM measurements
was two-fold: (a) to magnetize all coercivity phases up to 145 mT; and (b) to assess the maximum magnetic
field produced when the sample is uniformly magnetized by a laboratory field with a strength comparable to
NRM. This enables us to discern whether spatial variations in the NRM are due to changes in the concentration
of magnetic carriers or owing to variations in the efficiency of the magnetization acquisition process. During
the SQUID microscopy measurements, we set a higher bias field (100 pT) than the ambient geomagnetic field
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Table 1 present at Atlin (~55 nT) to roughly reproduce the magnetization intensity
Mineral Abundance (Area %) in Representative Rock Samples of the sample suite.
GM GM GM GM GM On the same set of thin sections, we also conducted AF demagnetization
LSH'_%_ LSH'_H LSEC69 8 ESHAS II_‘SH':” treatment using the 2G Enterprises Superconducting Rock Magnetometer at
serpentinite _ serpentinite soapstone soapstone Tistvenite MIT to identify the characteristic magnetization components. An AF demag-
Dolomite 238 0.3 4.9 0 0 netization sequence with maximum field of 145 mT and demagnetization/
Magnesite 0 0 5.3 39.3 58.9 measurement intervals of 1 mT was performed on the thin sections.
Serpentine 88.5 88.9 11.1 43 0.9
Talc 7 76 782 55.7 1.1 4. Results
Quartz 0 0 0 0 385 4.1. Petrology and Geochemistry of Rock Samples
Chromite 0 0.2 0 0.2 0.3
Magnetite L5 a1 04 04 02 The microtextural analysis and thin sectllon.TIMA EDS 'map')pmg of .the
) least altered samples (GM-LSH-96, -74) indicate that peridotite hydration
Pentlandite 0.2 0 0 0 0.1 . . . .
had reached completion and the entire magmatic mineral assemblage was
Total (%) 100 100 100 100 100

replaced by massive serpentine (~88 area %) (Figure 3 and Figure S2 in
Supporting Information S1; Table 1). Both serpentinite samples contain
additional, up to 2 mm wide, bastite intergrowths of talc (~7%) and dolo-

mite (0.3% and 2.8%) after primary clinopyroxene (Figure 3a). The bulk serpentinite thin section contents of
magnetite are 1.5% (GM-LSH-96) and 3.0% (GM-LSH-74), and GM-LSH-96 contains an additional 0.2% of
pentlandite ((Fe,Ni),S¢) (Figure 3b). The magnetite grain size is highly variable. Image analysis based on 2D thin

section SEM-EDS imaging indicates that 50% of the grains are smaller than 75 pm?. The cumulative frequency

of magnetite cross-sectional areas shows relatively similar distributions in the serpentinite and listvenite, while

in the soapstone larger magnetite grains are relatively more abundant (Figure S2 in Supporting Information S1).
Talc-rich samples (GM-LSH-69 and -48) were collected from a 1-m-wide zone between the serpentinite and
listvenite. GM-LSH-69 is a soapstone that contains ~77% talc, together with 11% serpentine, and ~5% of each
magnesite and dolomite (Table 1; Figure 3b). Most of the serpentine occurs in aggregates together with magnesite

that are enclosed in the talc matrix, and additional minor amounts of serpentine occur as isolated grains enclosed

by talc (Figure 3b). Dolomite preferentially occurs as veins crosscutting serpentine-magnesite clusters. Magnet-
ite (~0.4%) occurs also in clusters and isolated veinlets. GM-LSH-48 is soapstone that contains ~52% talc and
~36% magnesite, together with small amounts of relict serpentine (~4%) and magnetite (~0.4%; see Figure S2

in Supporting Information S1 for the statistics of grain area distributions), while dolomite is absent. Magnesite

occurs in up to 2 mm wide veins and intimately intergrown with talc in the matrix. Serpentine is present as

fine-grained relicts in two regions of the thin section with high talc/magnesite. Magnetite is present as isolated

subhedral grains of up to 200 pm in diameter (Figures 3b and 3c).

The listvenite sample GM-LSH-39 contains ~59% magnesite and ~38% quartz, with only minor amounts of
talc (~1.1%), serpentine (~0.9%), magnetite (~0.2%), and pentlandite (~0.1%) (Table 1; Figure 3b). Quartz is
concentrated in up to 4 mm thick veins and as clusters in the magnesite-dominated matrix. Subhedral magnetite

is coarse-grained (<350 pm) and present as inclusions in matrix magnesite and quartz (Figure 3c). Even though

we observed no fuchsite in the listvenite sample used in this study, this mineral can be relatively common in other

locations in Atlin (e.g., the Pictou gold showing) (see Figure 1). In summary, the thin section analyses show that

magnetite contents are highest in serpentinite, intermediate in soapstone, and lowest in listvenite.

4.2. Magnetic Field Measurements

For the field survey, total magnetic field variations along the survey line were calculated from the vector magnetic

measurements. The observed total field values were corrected with the removal of Earth's main field using the
International Geomagnetic Reference Field (IGRF)-13 model (Alken et al., 2021) estimated at the center of
the survey line. To obtain the magnetization distribution within the surveyed rock formation, we adopted the

magnetic forward modeling from analytical approach taken by Talwani and Heirtzler (1964) that enables us

to assess combinations of polarity and magnetic source geometry to optimize magnetic source characters. In

this model, we assigned a paleoinclination and paleodeclination of +47.68° and 65°, respectively, based on the
GPlates reconstructed paleo-location of Atlin (Miiller et al., 2018). We finalized the forward model parameter-
ization by matching the calculated and observed magnetic anomalies. Our forward modeling suggests that the
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Serpentinite (GM-LSH-96) Soapstone (GM-LSH-69) Listvenite (GM-LSH-39)

a) Cross-polarized photomicrographs

b) TIMA phase distribution maps

[ Serpentine Talc [ | Awarvite  [Hll Chromite [ Magnetite BB Pentlandite ~ [BBM Dolomite [l Magnesite [ | Quartz |

c) EDS Fe-Ka maps

Low High
i 4 mm
Relative X-ray counts [ O —

Figure 3. Microtextural observations in representative samples of the serpentinite, soapstone transition zone, and listvenite. (a) Cross-polarized full thin section
photomicrographs. (b) energy dispersive spectroscopy phase maps. (c) Fe Ka element distribution maps. Note in (c) the Fe enrichment in nonoxide matrix minerals
from the serpentinite to the listvenite.
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Serpentinite —>  Soapstone —> Listvenite
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Figure 4. Rock magnetic analyses of altered peridotite samples from Atlin. (a) Processed first-order reversal curves (FORC) diagrams, (b) Hysteresis loops, and (c)
Temperature-dependent susceptibility diagrams showing multiple heating (red) and cooling (blue) paths on the same sample chip. Note that to better show the FORC
characteristics of each sample, we made the x- and y-axes ranges adjustable between samples. See the full suite of imagery in Figure S3 in Supporting Information S1.

ultramafic complex at Atlin mainly contains reversed polarity magnetization. The timing of such thermo-chemical
remanence acquisition with a particular reversed polarity period during Early Cretaceous remains unknown (e.g.,
during a relatively long period of reversed polarity during the Berriasian (~M17r = 1.26 Myr)) (Gradstein &
Ogg, 2020), let alone a possible thermo-chemical remanence due to syn-obduction serpentinization during mid-
to late Jurassic.

Overall, the magnetization decreases approximately linearly with distance along the survey transect from a high in
the serpentinite to a low in the listvenite. The trends in magnetization distribution are consistent with petrographic
and geochemical mapping observations and the measured abundance of magnetite in the samples (Section 4.1).
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Figure 5. Frequency-dependent susceptibility measurements of three representative lithologies: serpentinite (GM-LSH-96),
soapstone (GM-LSH-69), and listvenite (GM-LSH-39).

The modeled NRM magnetization is minimal for samples GM-LSH-48 and -39 (e.g., ~0 A/m in the modeled
magnetization; Figure 2b).

4.3. Rock Magnetic Analyses

Our rock magnetic analyses show a strong dichotomy within magnetic characters that correlates with the mode
of alteration. For example, the serpentinite samples (GM-LSH-96 and -74) are magnetically distinct from the
listvenite samples GM-LSH-48 and 39, while soapstone sample GM-LSH-69 shows a transitional character. This
observation is consistent with the geochemical analyses and the EDS-based assessment of the grain size distribu-
tion (Figure S3 in Supporting Information S1).

We used FORC analysis to assess the grain size distribution of the magnetic minerals (e.g., Pike et al., 1999;
Roberts et al., 2022). With their sensitivity to mineral grain size, FORC diagrams (Figure 4 and Figure S3 in
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Figure 6. Scanning superconducting quantum interference device microscopy total field maps of the natural remanent magnetization and anhysteretic remanent
magnetization of thin sections prepared from samples representing different stages of serpentinization and carbonation. Maps of the vertical (out of the sample plane)
component of the magnetic field were measured ~200 pm above the sample and later converted to total-field estimates.

Supporting Information S1) show the coercivity characteristics of dominant mineral assemblages, exhibiting a
dichotomy between the serpentinized and carbonated samples. In the FORC diagrams, the serpentinite samples
display higher coercivity distributions, while the soapstone and listvenite samples display more interacting distri-
butions, being nearly identical between GM-LSH-48 and -39. These distributions are characteristic of single
domain and multidomain states of magnetic carrier minerals, respectively. Individual hysteresis loops and back-
field curves further confirm a strong contrast in coercivity between serpentinite (GM-LSH-96) and listvenite
(GM-LSH-39) (Figure 4b). Based on their Curie temperatures, recognized as drops in susceptibility at 580°C,
magnetite is the dominant magnetic carrier mineral in samples GM-LSH-96 and -74 whereas GM-LSH-48, - 39
and —69 represent a complex mixture of magnetite and other magnetic carrier minerals, such as iron sulfide
(Figure 4 and Figure S3 in Supporting Information S1, Table 1).

FDS analyses exhibit contrasts in grain domain characteristics (e.g., grain relaxation time variations at differ-
ent frequencies) between serpentinite (GM-LSH-96) and listvenite (GM-LSH-39). The soapstone sample
GM-LSH-69 exhibits a transitional character between serpentinite and listvenite (Figure 5). In addition, the
susceptibility data of the serpentinite (GM-LSH-96) and soapstone (GMLSH-69) samples suggest the presence
of superparamagnetic grains whereas no superparamagnetic grains in the listvenite (GM-LSH-39), indicating a
significant change in grain size population between the alteration progress end-members (also see Figure S3 in
Supporting Information S1).

4.4. Scanning SQUID Microscopy

Our SQUID microscopy results for the combined NRM and ARM measurements suggest that overall remanent
magnetic field strength as determined by ARM measurements is comparable to that of NRM mapped in the field
and that the total magnetic field strength its spatial association with the rock matrix depends on the lithology,
consistent with the textural and chemical microanalyses. The observed NRM and ARM field strengths are high-
est in the serpentinite samples GM-LSH-96 and -74, weaker in the soapstone sample GM-LSH-69, and almost
negligible in the soapstone sample GM-LSH-48 and the listvenite sample (GM-LSH-39). In addition, AF demag-
netization of GM-LSH-96, 74, and 69 reveals the presence of NRM components, suggesting stable remanence
magnetization can be held in these representative samples (Figure S4 in Supporting Information S1). In contrast,
strongly carbonated samples (GM-LSH-48 and -39) exhibit incoherent, more dispersed directions throughout
the demagnetization steps, highlighting the dichotomy between serpentinite and carbonate. Some of the AF
demagnetization sequences on the thin sections produced results that show similarity to some multicomponent
magnetizations that have been observed in oceanic serpentinized gabbro samples (e.g., Maffione et al., 2014).
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The magnetometry data suggest that the changes in abundance and grain size of magnetic carrier minerals due
to fluid-rock reactions impacts magnetic field strength and, possibly, also the wavelength of magnetic signals.

5. Discussion

Magnetic remote sensing with strategic mapping operations, such as a grid and/or mowing-the-lawn underway
mapping with magnetic source structure models (i.e., inversion), has proven to be a powerful tool to decipher the
surface and subsurface distribution and geometries of lithological and structural contrasts, including delineating
alteration zones and mineral deposits in land and marine environments (Galley et al., 2020). This approach has also
been emerging to provide a first-order evaluation of changes in physical properties and the extent of serpentinization
and mineral carbonation processes within mantle peridotite in remote, marine environments (e.g., Cutts et al., 2021;
Szitkar et al., 2014). However, while current mapping efforts capture present-day snapshots of these chemical
processes in the form of rock records, we note that their interpretation often lacks the perspective of temporal evolu-
tion. As the origin and spatial extent of in situ magnetic signals are intrinsically related to the propagation of rock
alteration fronts and the resulting crystallization remanence magnetization, it is imperative to correlate alteration
processes and observable magnetic signals by integrating petrological and geophysical methods in suitable natural
laboratories (i.e., coherent outcrops with clearly definable alteration fronts that developed due to fluid-driven altera-
tion in a compositional homogeneous precursor rock). This allows not only to constrain the alteration extent but also
to accurately monitor (i.e., forward model) on-going in situ mineral alteration (carbonation and serpentinization) in,
for example, currently active hydrothermal systems elsewhere. Our results from the Atlin ophiolite, in comparison
with our previous studies at the Linnajavri ultramafic complex (Beinlich, John, et al., 2020; Tominaga et al., 2017),
contribute to developing a magnetic monitoring approach of spatially and mechanistically related serpentinization
and carbonation reactions with two aspects: (a) dimensions and scales, and (b) in situ chemical processes.

5.1. Capturing Magnetic Signal Source Characters at Multiple Scales

To date, characterization of the surface and subsurface distribution of serpentinized peridotite has been conducted
at various scales using a range of geophysical approaches, including airborne potential field surveys (e.g., Ash &
Arksey, 1990; Roy et al., 2009; Sénchez et al., 2014). At Atlin, earlier studies by Ash and Arksey (1990) suggest a
correlation between crustal scale airborne magnetic signals and geological field relationships. They used the loca-
tion of mineral deposits for their interpretation of magnetic signal distribution. More recently, Hansen et al. (2005)
showed that this correlation holds true also at the outcrop scale. However, the correlation of the magnetic signal
with the source, the underlying chemical processes, as well as the spatial accuracy can be refined through the
combined assessment of magnetic, petrological, and textural multiscale observations (Tominaga et al., 2017).

Through integrated field and laboratory analyses of outcrop-scale and micromagnetic signals, petrological and
geochemical observations, Tominaga et al. (2017) showed that amplitude and wavelength variations in asso-
ciated magnetic anomalies at the Linnajavri ultramafic complex change on all scales with the progression of
peridotite carbonation. This correlation is caused by the systematic formation and destruction of magnetite, the
main magnetic carrier, by mineral replacement reactions at distinct steps along the reaction path from incipient,
via intermediate (soapstone), to complete peridotite carbonation (listvenite). To further refine and extend the
model toward global applicability requires verification in geologically similar settings to capture the full range of
conceivable signal variations related to natural rock heterogeneity.

The observations at Atlin are generally consistent with those made at the Linnajavri ultramafic complex
(Tominaga et al., 2017), showing that intermediate and completely carbonated peridotites are characterized by
distinct magnetic signals that can be captured at both the field scale and at smaller scale in the hand specimen
and thin section in the laboratory. Furthermore, the Atlin field site more clearly showcases the distinct magnetic
signal obtained from purely serpentinized and carbonated (soapstone and listvenite) ultramafic rock. The obser-
vations are consistent with the previous detection of large-scale aeromagnetic lows in areas of known gold and
sulfide enrichment, attributed to the localized percolation of CO,-bearing and mineralizing hydrothermal fluids
(Ash, 2001; Ash & Arksey, 1990).

However, our observations at Atlin also suggest a challenge in the scalability of anomaly characters between the
field and thin-section levels unlike the more straightforward stepwise change in magnetic signals observed at
the Linnajavri ultramafic complex (Figures 2, 4 and 6; cf., Tominaga et al., 2017). At Atlin, both the magnetic
field strength and gravity decrease almost linearly from serpentinized to carbonated peridotite. Moreover, the
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Figure 7. A schematic model depicting the relation between magnetic signal strengths and serpentinization and carbonation
reaction progress. Axis scales are arbitrary. The blue zone indicates magnetite breakdown (and hence decreases in magnetic
signal strength), whereas magnetite is produced in the green zone. The shown photomicrographs are representative of the
different lithologies in the vicinity of the survey profile (see inset in Figure 1) and outline the evolution of olivine-bearing
primary harzburgite through serpentinite, soapstone, to listvenite.

distribution of remanent magnetization calculated using induced and remanent magnetic directional components,
outcrop topography, and constant layer thickness also shows such a linear trend without a distinctive contrast
among lithological changes along the survey line. However, changes in these signals and magnetization distri-
bution are seemingly overfiltered and thus challenging to directly map onto the finer observations provided by
outcrop- and thin section-scale measurements. For example, with a 1 m sampling interval, the derived magnetic
anomalies and magnetization distributions were unable to delineate the sharp contrast between high magnetic field
strength in the serpentinite (GM LSH-96 and -74) and nearly absent total field in the carbonate-rich soapstone
and listvenite (GM-LSH-48 and -39), as clearly measured by SQUID microscopy. This challenge of scalability
can be attributed to the lack of a survey strategy to accommodate the three-dimensional nature and geometry of
the magnetic source, which may result from anisotropic flow of the alteration fluid and hence heterogeneous 3D
distribution of the alteration assemblage (cf., Galley et al., 2020). This interpretation is consistent with the highly
localized nature of peridotite carbonation and mineralization at Atlin, where alteration zones are concentrated
along the basal thrust (Monarch Mountain thrust) separating the ophiolite from the underlying metabasalt, and
along steeply dipping ophiolite-internal faults, for example, at the Anna gold showing (Figure 1). In contrast,
carbonation at Linnajavri resulted in broad, internally homogeneous alteration zones suggesting pervasive
percolation of CO,-bearing alteration fluid, likely aided by significant formation of transient, reaction-induced
porosity (Beinlich, John, et al., 2020). Such broad alteration zones can be treated as quasi two-dimensional and
facilitate the interpretation of magnetic mapping results assuming isotropic extension into the third dimension.
Hence, to achieve effective usage of field magnetic mapping to capture structurally controlled serpentinization
and carbonation in situ requires a finely sampled grid survey to recover the three-dimensionality of the magnetic
source, and additional constraints on structural relationships in the investigated rock volume.

5.2. Correlating Magnetic Signal Variations With Carbonation Reactions

The correlation of magnetic with geochemical and textural observations shows that the decreasing magnetic signal
strength from serpentinite to listvenite is related to the disappearance of magnetite and enrichment of talc and magne-
site in Fe (Figures 3b, 3¢, and 7). Along this reaction sequence, soapstone represents the transitional alteration product
(see also Beinlich et al., 2012) and its magnetic signal strength is between that of serpentinite and listvenite (Figures 2
and 6). This observation contrasts with our previous observations at Linnajavri, where soapstone produces the strong-
est magnetic signal, resulting from the growth of additional magnetite during carbonation of the precursor serpentinite
(Tominaga et al., 2017). Reaction interfaces separating the different alteration assemblages that are not accessible at
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the surface represent arrested fronts that were propagating during active alteration at depths (and elevated pressure
and temperature). Hence, the different assemblages can be interpreted as timeseries of in situ processes that are now
observed spatially distributed, indicating that, at Atlin, soapstone formation from serpentinite destabilized magnetite.
Conceptually, the soapstone forming reaction can be simplified in the MgO-SiO,-H,0-CO, system to:

2Mg3Si,05(OH)4 + 3 CO, — 3 MgCO;3 + Mg3Sis010(OH): + 3 H,0

Serpentine Magnesite Talc @
In principle, magnetite coexisting with serpentinite in the serpentinite could dissolve in CO,-bearing fluid before
Fe precipitates as a siderite component (FeCO,) and is incorporated into magnesite. This enrichment of magne-
site in Fe can be seen in, for example, zoned crystals lining the central quartz vein in Figure 3c. However, the tran-
sition of ferric to ferrous iron requires an additional oxidation reaction (of e.g., graphite), which is not observed
in noncarbonated serpentinite. Thermodynamic modeling using SUPCRTBL (Zimmer et al., 2016) indicates the
stability of magnetite over siderite (FeCO,) (Gibbs free energy change of the reaction, AG, >> 0) for realistic
alteration conditions (7: 200°C—400°C; P: 2-5 kbar) unless the fluid contains additional HZSaq, resulting in the
concomitant formation of pyrite:

Fe;04 +2 HQSaq + 2C02‘aq — FeS, + 2FeCO; + 2H,0
: @)
Magnetite Pyrite Siderite
This reaction describes reductive magnetite dissolution coupled with oxidative pyrite and siderite precipitation
and will spontaneously proceed at temperatures between 200°C and 400°C and 2-5 kbar pressure (AG, < 0) (see
also Qian et al., 2010). The presence of reduced sulfur in the carbonation fluid is consistent with the occurrence
of gold and sulfide mineralization in the listvenite at Atlin and in particular at the Anna gold showing near our
survey transect (e.g., Ash, 2001; Ash & Arksey, 1990). Conceivably, the fluid sulfur content at Atlin was rela-
tively higher than at Linnajavri where sulfide mineralization is absent except for minor pyrite in the listvenite,
consistent with the distinct magnetic field strengths of soapstone from the two field sites.

Furthermore, Atlin and Linnajavri exhibit different alteration styles while producing similar alteration mineral
assemblages. At Linnajavri, percolation of CO,-bearing alteration fluid led to the formation of broad and internally
homogeneous alteration zones that extend for hundreds of meters and are separated by sharp reaction fronts. Their
distribution follows an almost ideal metasomatic zoning model, suggesting that local thermodynamic equilibrium
was attained, and that pervasive fluid flow was likely aided by a transient reaction-induced permeability increase
(Beinlich et al., 2012; Beinlich, John, et al., 2020). Upstream magnetite breakdown reactions (Equation 2) will effec-
tively remove dissolved sulfur from the fluid, hence stabilizing magnetite in the downstream alteration assemblage. In
contrast, the Atlin listvenite is present as spatially restricted alteration selvages around ophiolite-internal faults (e.g.,
at the Anna gold showing) and along the basal thrust (at e.g., the Pictou gold showing) with only thin and sporadi-
cally distributed pockets of transitional soapstone alteration (Hansen et al., 2005), similar to recently described alter-
ation zone distributions in the Semail ophiolite, Oman (Beinlich, Pliimper, et al., 2020; Kelemen et al., 2022). This
indicates predominantly fracture-controlled and channelized fluid flow through otherwise impermeable harzbur-
gite allowing for a larger flux of disequilibrium fluid (i.e., fluid with sufficiently high concentrations of dissolved
sulfur to effectively remove magnetite from the reacting rock). The different flow modes of alteration fluid at Atlin
compared to Linnajavri may be caused by the different precursor rock mineralogy prior to CO,-fluid infiltration, and/
or a slightly lower alteration temperature (Atlin: ~250°C, see Hansen et al., 2005; Linnajavri: ~300°C). At Atlin,
textural observations indicate that the alteration fluid infiltrated only partly serpentinized rock containing abundant
magmatic olivine, which is absent from the precursor serpentinite at Linnajavri. If a solid mass was preserved, the
replacement of olivine by quartz + magnesite would be accompanied by an increase in solid volume by ~84%,
whereas the formation of the same reaction products from serpentine (antigorite) would increase the solid volume by
only 9%. Even though a perfect mass conservation is a simplified endmember scenario, the different volume changes
suggest a higher volume strain during the carbonation at Atlin, and may prevent the pervasive rock alteration.

6. Conclusions

Our study of the Atlin ophiolite, particularly in comparison with the Linnajavri ultramafic complex, confirms
the correlation between magnetic signals, serpentinization, and carbonation processes. We argue that magnetic
mapping, particularly combining high-resolution field mapping with laboratory analyses of representative rock
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samples, is a globally viable approach to track the serpentinization and carbonation processes in mantle perid-
otite. This includes the use of static magnetic measurements as a monitoring tool for the temporal evolution of
carbonation in situ throughout CO, injection/geological carbon sequestration experiments. If the carbonation
progresses at observable rates (e.g., up to 10 cm/year in Linnajavri; Beinlich, John, et al., 2020) throughout a
sizable rock volume, stationary magnetometers can be expected to be able to monitor the reaction progress.

However, the correlation of magnetic signals with chemical reactions requires additional constraints on fluid
composition, since its control on magnetite stability may produce identical magnetic signals at different steps
along the rock alteration reaction path (e.g., pristine peridotite compared to completely carbonated listvenite).
In this case, detailed investigation on density contrast using near-source gravity surveys with a closely knitted
survey pattern. Furthermore, the interpretation of remotely acquired magnetic monitoring data of the carbonation
reaction progress will also require additional constraints on the mode of fluid flow (i.e., pervasive vs. chan-
nelized). Based on a comparison of Linnajavri and Atlin, we propose a refined model to describe the correlation
of magnetic signal strength during the reaction progress of serpentinization and carbonation of mantle perid-
otite from that of Tominaga et al. (2017) (Figure 7). The consistently low magnetic field strength of listvenite
from the two study sites corroborates the global applicability of magnetometry as a monitoring tool for in situ
carbonation of ultramafic rock. Moreover, the difference in magnetic signal strength of the soapstone assemblage,
which represents the transitional alteration assemblage at both Atlin and Linnajavri, indicates that the change in
magnetic field strength at the carbonation front relative to the precursor rock can be directly linked to the forma-
tion and breakdown of magnetic carrier minerals and hence fluid composition and flow mode.
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