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Key Points:14

• Hydrophones have detected slow propagating fracture swarms in a borehole in Oman15

peridotites.16

• Fracture swarms occur due the combination of chemical weakening and pore pres-17

sure changes due to rain.18

• These field observations show evidence for fracturing occurring in a low-temperature,19

active serpentinizing environment.20
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Abstract21

Peridotite rocks are primary targets for engineered geological carbon sequestration ef-22

forts because they accomodate transfer carbon from aqueous fluids to rock during alter-23

ation reactions. Sequestration e!orts must necessarily open fractures in the rocks sur-24

rounding a pumped borehole, but the current understanding of fracture growth during25

serpentinization of peridotite is limited to theoretical models and laboratory experiments26

on small samples. We deployed hydrophone arrays in peridotite boreholes established27

by the Oman Drilling Program and detected downward migrating earthquake swarms28

that represent the first field observations of active fracture growth in a serpentinizing29

rock. More than two years after the boreholes were established, we detected four frac-30

ture swarms during an interval of elevated pore pressure following large rain events. All31

of the swarms occurred within a partially-confined section of the local aquifer, beginning32

at a depth of →170 m and migrating to the bottom of the 400 m-deep hole at average33

rates of →6-20 cm.s→1. Pore fluid processes can explain both triggering of the fracture34

swarms and their slow migration rates, which are characteristic of slow earthquakes, and35

water-rock reactions likely play a role in maintaining near-critical stresses at the crack36

tips as fractures grow away from the borehole. Our results indicate that fractures prop-37

agating away from actively serpentinizing boreholes maintain near-critical crack tip stresses38

such that relatively small increases in fluid pressure can trigger tensile fracturing episodes,39

and that pore fluid processes can limit the propagation speed of these tensile fractures40

in much the same way as they do for shear fractures.41

Plain Language Summary42

Scientists are exploring ways to store carbon dioxide underground by pumping car-43

bonated water into deep holes drilled in special rocks called peridotites. These rocks can44

react with the water and carbon dioxide to form new minerals, which locks away the car-45

bon safely. This study monitored two boreholes in Oman and found that, even years af-46

ter drilling, new fractures formed in the rock during times of high water pressure and47

chemical changes. The fractures grew slowly, likely because water was moving into the48

cracks as they formed. These findings show that chemical reactions between water, car-49

bon dioxide, and rock can help create new pathways for fluids, which is important for50

improving carbon storage in the future.51

1 Introduction52

Pumping carbonated water into boreholes drilled into mafic rocks, such as basalts53

or peridotites, is an emergent technology of engineered geological carbon sequestration54

(Gislason and Oelkers 2014). In peridotites, the water-rock reactions transfer CO2 from55

the water to the rock via mineral carbonation and serpentinization, and the e!ective-56

ness of this approach depends on the ability to stimulate fracture growth to open pore57

space and expose fluids to fresh rock. Peridotite rocks have low bulk permeability but58

contain complex multidirectional fracture networks that support fluid flow and ongoing59

alteration (Iyer et al. 2008; Kelemen, James A. Leong, et al. 2021; Aiken et al. 2024).60

The serpentinization and carbonation water-rock reactions increase the solid volume of61

the rock and exert a force of crystallization, and it has been hypothesized that the re-62

sulting stress perturbation facilitates the opening of new fractures, which in turn sus-63

tains ongoing alteration (Kelemen and Jürg Matter 2008; Jamtveit, Putnis, and Malthe-64

Sørenssen 2009; Renard 2021). This reaction-driven fracturing hypothesis predicts that65

crack tip stresses in active alteration zones will continually increase and reach critical66

levels for failure, which, if true, should facilitate the opening of new fracture surface area67

for carbon sequestration e!orts.68

The Multi-Borehole Observatory (MBO) of the Oman Drilling Program (OmanDP)69

is located in Wadi Lawayni, a dry wash that cuts through mantle rocks of the Samail70
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ophiolite in Oman (Figure 1). The MBO established four boreholes, providing a unique71

opportunity to study near-surface peridotite alteration and the chemosynthetic biosphere72

that feeds on the reaction byproducts ((Kelemen, James A. Leong, et al. 2021; Temple-73

ton et al. 2021; Hatakeyama et al. 2021; Callegari et al. 2022; Sohn and J.M. Matter 2023)),74

and, ultimately, to begin to test the reaction-driven fracturing hypothesis. Here we used75

downhole hydrophone arrays to monitor fracturing on the walls of two boreholes, spaced76

100 m apart, for nine months.77

The introduction of a circular opening into rock generates tangential stress con-78

centrations around the borehole walls, and if the stress exceeds the rock strength the wall79

will fracture and deform (Jaeger, N. G. Cook, and Zimmerman 2009). Both compres-80

sional and tensile failure can occur, and the nature of the deformation depends on the81

magnitudes of the local principal stresses, the pore fluid pressure in the surrounding rock82

matrix, and the tensile strength of the wall rocks (e.g. (Zoback et al. 1985; Zheng, Ke-83

meny, and N. G. W. Cook 1989)). In a peridotite borehole, however, it is also necessary84

to consider the e!ect of alteration. A variety of theoretical models and laboratory ex-85

periments have been developed and conducted to study reaction-driven fracture prop-86

agation during peridotite alteration (e.g., (Kelemen, James A. Leong, et al. 2021; Kele-87

men and Jürg Matter 2008; Jamtveit, Putnis, and Malthe-Sørenssen 2009; Kelemen, Juerg88

Matter, et al. 2011)), but none have been conducted in the context of a drilling-induced89

stress field; critically, there are no field observations of active fracture growth in peri-90

dotite boreholes. It is typically assumed that borehole deformation occurring from drilling91

and coring happens in the first hours to days following the creation of a borehole (Moore92

et al. 2011). After this, the stresses around the borehole have reorientated to equilibrium93

and no further borehole damage will occur without either first weakening the rock (e.g.,94

chemically via rock-fluid interactions) and/or decreasing the e!ective stress (e.g., increas-95

ing the pore pressure) (Zoback et al. 1985).96

We find that the borehole penetrating a semi-confined portion of the local aquifer97

experienced fracture swarms more than two years after it was drilled during a period of98

elevated pore pressure induced by large rain events. The swarms nucleated at approx-99

imately the same depth of →170 m where we observe an increase in pH and a decrease100

in oxygen fugacity in the borehole fluids, both indicators of chemical alteration due to101

rock-fluid interactions. The swarms migrated downward at slow velocities in the range102

→6-20 cm.s→1, demonstrating that dynamic fracture propagation was inhibited. We pro-103

pose that fluid migration into the newly created pore space at the tip of the propagat-104

ing fracture can explain the slow rupture speeds, similar to the way they can regulate105

rupture speeds during slow earthquakes, and that water-rock reactions likely play a key106

role in maintaining near-critical stress levels as cracks grow over time.107

2 Methods108

2.1 Site Description109

The MBO consists of four, →400 m deep boreholes within a →100 x 100 m2 area,110

three of which were drilled with 15.2 cm diameter (BA1A, BA1C - collapsed, BA1D),111

and one of which was cored with a 9.6 cm diameter (BA1B) (Kelemen, J.M. Matter, et112

al. 2020). The lithological structure of the site is constrained by downhole observations113

and core sample analyses, and overall consists of dunites to a depth of →160 m that are114

underlain by less depleted harzburgites (Kelemen, James A. Leong, et al. 2021). The near-115

surface zone down to →50 m is extensively fractured and contains cross-cutting carbon-116

ate and serpentinite veins. Below →50 m the degree of fracturing decreases and carbon-117

ate alteration is no longer observed. Veins and fractures are sparse below →160 m in the118

harzburgites, with porosities ↑ →1% (Katayama et al. 2020). The complex fracturing119

and alteration history of the rocks is due to a combination of the mid-ocean ridge pro-120

cess during formation and more recent obduction and subaerial weathering. Gases can121
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Figure 1. Location of the OmanDP Multi-Borehole Observatory (MBO) in a mantle section

of the Samail ophiolite in Wadi Lawayni, Oman. The red line represents a left-lateral fault that

transects the MBO (Callegari et al. 2022). Three boreholes (BA1A, BA1B, BA1D) were drilled

in a →100 x 100 m area (another borehole, BA1C, not shown, collapsed during drilling). Six-

element hydrophone arrays were deployed for nine months in boreholes BA1A and BA1B. The

fracture swarms described here were detected by the bottom four phones (h3 - h6, colored blue)

in borehole BA1A (data from the top two phones, colored black, were corrupted by electrical

noise). The increase in pH and drop in oxygen fugacity measured one year after drilling and re-

ported in (Kelemen, James A. Leong, et al. 2021) are reprinted here. The primary lithological

(Kelemen, James A. Leong, et al. 2021) and hydrological (Lods et al. 2020) structure of hole

BA1A are shown on the right.
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be observed bubbling up in alkaline pools on the surface indicating an active subsurface122

chemistry. This has been confirmed through downhole measurements at the BA site that123

showed pH increases and oxygen fugacity decreases with depth (Kelemen, James A. Leong,124

et al. 2021).125

The hydrologic structure of the MBO site is heterogeneous but overall consists of126

a high-permeability near-surface zone underlain by a low-permeability aquifer (Lods et127

al. 2020). Flow in the near-surface zone (↑ →50 m depth), corresponding to the zone of128

intense fracturing in the lithological record, is focused within a network of multi-directional129

heterogeneities. The aquifer surrounding boreholes BA1A and BA1D is partially con-130

fined by a low permeability layer at →100-130 m depth, which allows it to be pressur-131

ized by external loads. In contrast, pore pressure in the aquifer surrounding borehole BA1B132

does not respond to barometric or tidal loads, indicating that the aquifer is locally un-133

confined (Sohn and J.M. Matter 2023). The aquifer response to loading thus changes markedly134

over the →100 m distance between boreholes BA1A and BA1B.135

2.2 Rain and Borehole Water Level Data136

Using a Rugged TROLL non-vented data logger from In-Situ Inc., we acquired wa-137

ter level at 15 minute intervals in borehole BA1D. The non-vented pressure data were138

corrected by subtracting contemporaneously measured atmospheric pressure data and139

converted to relative water level assuming a fluid density of 1000 kg.m→3. We retrieved140

daily precipitation rates for the MBO catchment from the Copernicus Climate Reanal-141

ysis Data Store ((CDS) 2017) using the catchment shape defined by the hydroBASINS142

data set (Lehner and Grill 2013) (Figure 5). The water levels in borehole BA1D rose rapidly143

by →5 m following two large rain events in April and May 2019 and then slowly decreased144

until the end of the hydrophone array deployments.145

2.3 Televiewer Data146

Televiewer data were acquired from depths of 25-400 m in borehole BA1A follow-147

ing its completion in March, 2017. This data was collected as 360 degree Red-Green-Blue148

images with a pixel resolution of 0.8 mm. Inspection of images reveal the presence of nu-149

merous vertical veins that could act as nucleation sites for the vertical propagation of150

tensile fractures we observed (Figure 6).151

2.4 Acoustic Data152

We deployed hydrophone arrays, each consisting of six High Tech HTI-96-MIN hy-153

drophones with a 70 m inter-element spacing, in boreholes BA1A and BA1B (Figure 1)154

from May 2019 to February 2020. The data were sampled at 1 kHz and recorded using155

a Quanterra Q330S+ data logger with a low-pass (450 Hz) anti-aliasing filter.156

We detected downward migrating event swarms in hole BA1A on four days (days157

141, 188, 197, and 211) in 2019 (cite swarm figure). We detected individual events within158

the high-rate swarms by extracting data windows extending from →15 minutes before159

the swarm starts until →15 minutes after it ends, high-pass filtering (50 Hz, zero-phase)160

the extracted records, and squaring the signal amplitude. We generated a preliminary161

catalog by applying a peak finding algorithm to each processed record and associating162

detections across the hydrophone array. We generated arrival time estimates by select-163

ing a 0.4 second window centered on the initial detection time, calculating the Akaike164

Information Criterion (AIC) for each trace (Maeda 1985), and picking arrival times based165

on the maximum value of the AIC time-derivative.166

The arrival time and amplitude of the signals across the vertical hydrophone ar-167

ray exhibit a systematic pattern, with the earliest arrivals having the highest amplitudes168

–5–



manuscript submitted to JGR: Solid Earth

and the arrival time di!erence between the two hydrophones with the earliest arrivals,169

i.e., the “bounding phones”, being between zero and →40 ms (cite event waveform fig-170

ure). Signal amplitudes decrease with distance, up or down the array, from the bound-171

ing phones and the arrival time di!erence between all other adjacent hydrophone pairs172

is a constant value of →40 ms, corresponding to an apparent phase velocity of →1750 m.s→1.173

This phase velocity is too slow for a body wave propagating in the rock, which has com-174

pressional velocities of →5.6 km.s→1 and shear velocities of →2.9 km.s→1 (Hatakeyama175

et al. 2021), but is consistent with a trapped fluid mode originating from a source on the176

borehole wall and propagating inside the borehole at a velocity faster than the fluid sound177

speed but slower than the medium shear velocity (Schoenberg et al. 1981). In some cases178

we observed a smaller precursor arrival with an apparent phase velocity of →2460 m.s→1
179

that was only detectable on one or both of the bounding hydrophones, indicating that180

the source also excited a more rapidly decaying higher order mode. There is no evidence181

for P- or S-waves in the waveforms (Figure 3), consistent with sources located on the bore-182

hole wall.183

Assuming a trapped fluid mode propagation velocity of 1750 m.s→1 and given the184

70 m vertical o!set between the hydrophones, the source depth of an event can be es-185

timated based on the arrival time di!erence between the bounding phones. If the phase186

arrives at the upper bounding hydrophone with depth zi at time ti, and arrives at the187

lower bounding hydrophone at time tj , then given the 70 m o!set of the hydrophones188

the source depth, z, is given by (Figure 3):189

z = zi + 35↓ 0.5↔ dt↔ v, (1)

where dt = ti ↓ tj and v is the trapped wave propagation velocity (1750 m.s→1).190

Given the 1 kHz sampling rate of the data, the depth estimates are discretized into191

0.875 m intervals. The absolute uncertainty of the depth estimates, assuming a phase192

arrival time uncertainty of 3 ms and a propagation velocity uncertainty of 10%, is →4193

m. For about 10-15% of the events in each swarm, and primarily for small events with194

low signal-to-noise ratios, the automated picking algorithm generated erroneous arrival195

time estimates that could not be used for depth estimation, and these events were re-196

moved from the final catalog. We cannot estimate the seismic moment of the events be-197

cause the amplitude of a trapped fluid mode is a function of radial position in the bore-198

hole, which is unknown for the hydrophones.199

We estimated the average downward migration velocity of each swarm by using a200

weighted least squares method. Using the following fit equation: d̂ = ω0 + v̂t where d̂201

is the predicted depth, ω0 is the intercept, v̂ is the estimated velocity reported in Fig-202

ure 4, and t is the time of the event. The regression is weighted by the number of events203

in a 30-second window.204

We estimated the instantaneous rupture front velocity during each swarm using a205

piecewise technique averaged over 10-second intervals. The process begins by selecting206

an initial event that represents the starting point of the migration. The algorithm then207

advances chronologically through the event catalog searching for the next event that is208

deeper than the initial event, and once a deeper event is encountered the instantaneous209

velocity for the period of time between those two events is calculated based on the dif-210

ferences in their depths and origin times. A threshold velocity, which was manually tuned211

to each swarm in the range 20-30 cm.s→1, was used to prevent the algorithm from latch-212

ing onto outliers. The deepest event becomes the initial event and the process is repeated213

until the end of the catalog is reached. The algorithm follows the leading edge of the rup-214

ture front and its piecewise nature allows it to follow the multiple strands observed dur-215

ing the day 188 swarm by starting at di!erent times in the catalog. As a final step, time-216

averaged instantaneous velocity estimates are generated on 10-second intervals.217
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Figure 2. Raw hydrophone data for each event swarm, labeled by day of the year (2019). The

number of detected events (N) and duration of the swarm (D) are reported in each panel.

Figure 3. Example event detection with the AIC finite di!erence calculation which identifies

the arrival times.
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3 Results and Discussion218

3.1 Detection of slow rupture swarms219

Data records from borehole BA1A contain intense swarms of small, downward mi-220

grating rupture events that occurred during four days of the nine-month deployment (days221

141, 188, 197, and 211 of the year 2019). The downward propagating nature of the events222

is evident in the raw vertical array data (Figure 2) and the impulsive events have typ-223

ical acoustic amplitudes of ↑3 Pa, durations of →250 ms, and recurrence intervals of <224

1 s.225

The individual swarms had event counts (Nx = count for swarm on day of year x )226

that varied from N141=2954 to N188=4009 to N197=1216 to N211=586, with durations227

(hour:minute:second) of D141=00:59:06, D188=01:16:31, D197=01:50:22, and D211=00:26:21.228

Each swarm began near the depth horizon of hydrophone h3 (→170 m) and migrated to-229

wards the bottom of the borehole (Figure 4). The migration patterns are patchy, with230

discrete depth intervals of fracturing interspersed with quiet zones where no events were231

detected. The swarms on days 141 and 211 exhibit an essentially monotonic downward232

migration but the swarms on days 188 and 197 are more complex (Figure 4). The swarm233

on day 188 appears to contain three distinct migration strands, indicating that multi-234

ple rupture fronts were active at the same time. The swarm on day 197 has two distinct235

migration episodes, with a weak, initial episode that did not reach the bottom of the bore-236

hole followed by a second, more energetic episode that reached the bottom of the hole.237

We estimated the average downward migration rate of the events in each swarm238

and the instantaneous velocity of the migrating rupture front over the duration of each239

swarm as described in the Methods section. All of the swarms have median migration240

rates of →6-10 cm.s→1, with the exception of the final swarm on day 211, which had the241

largest events and a faster average migration rate of →20 cm.s→1 (Figure 4). The instan-242

taneous rupture front velocity estimates range from ↑ 1 cm.s→1 up to →15 cm s→1 for243

all swarms except that on day 211, which had a minimum velocity of 6 cm.s→1 and a max-244

imum velocity of →30 cm.s→1. There is no apparent correlation between depth and rup-245

ture front velocity and fracturing within a given depth interval continues at decreasing246

rates for →1 min after the front passes.247

All of the rupture swarms observed in borehole BA1A occurred during a relatively248

short period of time when the borehole water levels were elevated following two large rain249

events (see Methods), with the first swarm occurring immediately after a sharp water250

level rise in May 2019 (Figure 5).251

3.2 Rupture scenarios for the migrating swarms252

Elastic stress variations are often at the origin of rupture in crustal rocks leading253

to either tensile or, more often, shear failure. In both cases, the propagating rupture rapidly254

accelerates toward the speed of the elastic waves (typically km/s (Scholz 2019)), which255

is substantially di!erent from the slow migrations we observed over several hundreds of256

meters. All the swarms propagated at average rates of →6 to 20 cm.s→1, similar to the257

propagation rate of slow-slip events observed in other fault systems (Sacks et al. 1978;258

Kaproth and Marone 2013; Ikari et al. 2013; Uchida et al. 2016; Gualandi et al. 2020;259

Ide and Beroza 2023). These rupture propagation velocities are often interpreted to be260

modulated by the combined e!ects of fluid transport and attendant variations in pore261

fluid pressure during slip (Segall et al. 2010; Brantut 2021; Ciardo and Lecampion 2019;262

Ozawa, Yang, and Dunham 2024). A rupture driven by change in fluid condition is then263

the most likely scenario, supported by the correlation between the onset of the swarms264

and high water levels in the borehole. A left-lateral strike-slip fault runs through the MBO265

site, but geological mapping and remote sensing imagery indicate that activity on this266

fault ceased →20 Ma (Callegari et al. 2022) and there is no evidence of activity in regional267

–8–



manuscript submitted to JGR: Solid Earth

Figure 4. Event size and depth versus time for each swarm. Event size is shown by sym-

bol size (see legend) and the solid orange lines indicate piecewise tracking of rupture fronts (see

Methods). Median values of the instantaneous rupture front velocity estimates are listed.
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Figure 5. A) Cumulative daily precipitation for the MBO catchment. B) Relative water level

data from borehole BA1D. C) Cumulative fracturing events count. The time interval during

which the rupture swarms occurred is highlighted in the three panels.

earthquake catalogs or in our hydrophone array data. Additionally, most events observed268

in these seismic swarms have an amplitude of ↑ 3 Pa. Consequently, it seems very un-269

likely that the migrating swarms correspond to frictional slip activated by fluid pressure.270

An increase of fluid pressure in the borehole can also cause tensile failure of the rock271

mass. At this depth, this is only possible in the direct vicinity of the borehole, which is272

consistent with the observed location of the swarm activities. The hoop stresses around273

a borehole are given by the Kirsch solution (Jaeger, N. G. Cook, and Zimmerman 2009):274

εω =
(εH + εh)

2
(1 +

a2

r2
)↓ (εH ↓ εh)

2
(1 + 3

a4

r4
) cos 2ϑ ↓ P (

a2

r2
), (2)

where a is the borehole radius, r is the radial distance from the borehole axis, ϑ is the275

angle from the maximum principal stress, P is the fluid pressure inside the borehole, and276

εH and εh are the local maximum and minimum principal stresses, respectively. Max-277

imum tensile stresses are aligned with the maximum principal stress springline (ϑ ↗ 0↑,278

180↑), and if the length of a tensile crack growing away from the hole is much less than279

the borehole radius (i.e., r ↗ a), the criterion for crack growth can be approximated by:280

3εh ↓ εH ↓ p↓ εwr < ↓T. (3)

In the equation above, T corresponds to the tensile strength of the rock and P has281

been decomposed as the sum of the fluid pressure p and the pressure caused by the growth282

of minerals from water rock reactions on the fracture surface εwr. Televiewer data from283

borehole BA1A reveals the presence of sub-vertical veins across the depth interval of the284

fracture swarms (Figure 6), and the depth interval of fracturing corresponds to the in-285

terval where the borehole fluid chemistry indicates active peridotite alteration (Kelemen,286

James A. Leong, et al. 2021). Taken together, these observations suggest a system that287

promotes tensile crack growth due to elevated pressure εwr caused by water-rock reac-288

tions on the freshly exposed crack surfaces. The volume increase due to mineralization289
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Figure 6. The borehole is transected by vertical white veins (example shown here). These

veins are likely sites where active alteration could occur that allows for tensile fractures to nucle-

ate and then propagate. The black line in the center of the image is a stitching artifact from the

360 degree televiewer image.

also maintains the fracture open and enables pore fluid circulation and pressurization,290

which is at the origin of the observed rupture swarms. As the tensile rupture is mainly291

driven by the increase in fluid pressure, its propagation is bounded by the speed at which292

pressurized fluid migrates into the fracture cavity. Using a hydraulic fracture model de-293

tailed in the appendix, we estimate that the downward migration speed should scale ac-294

cording to:295
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z

Pressure P due to fluid pressure p and 
pressure σwr due to mineral growth

P = p + σwr

Figure 7. Boreholes BA1A and BA1D of the Oman Drilling Project Multi-Borehole Obser-

vatory. Drilling a borehole caused tensile fractures (inset, right) due to the relaxation of tectonic

stresses. These fractures allowed fluid in the borehole (i.e., water) to infiltrate the fracture planes

and over the two-year period this caused unaltered peridotites to serpentinize within the tensile

fracture zone. Serpentinization of peridotite leads to a decrease in oxygen fugacity and increase

in pH (Figure 1) as well a volumetric increase which causes strain (ωs) on the surrounding rock.

Rainfalls recharge the aquifer increasing the pore-pressure due to the confinement from the low

porosity layer. This pore pressure increase reached a critical limit leading to downward migrating

tensile fracture swarms in borehole BA1A.
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vc,z → ϖwg

µw

(K2
Ic
(1↓ ϱ)

GT

)2
. (4)

In the equation above, µw and ϖw characterize the pore fluid viscosity and density,296

G, ϱ and KI,c describe the shear modulus, Poisson’s ratio and tensile fracture toughness297

of the host rock, and g is the gravitational acceleration. Assuming nominal values of KIc =298

2MPa.m1/2, T = 5 MPa, G = 20 GPa, ϱ = 0.25, ϖw = 1000 kg.m→3, and µw = 10→3 Pa.s299

yields a downward rupture speed on the order of a few cm.s→1, in agreement with our300

observations. In addition, the model predicts that the rupture propagation speed should301

be independent of depth, which also agrees with our observations.302

Tangential stresses decay rapidly with distance from the borehole. Typically, ten-303

sile fractures and breakouts only occur in the first hours to days after the creation of a304

borehole (Moore et al. 2011). Continued fracture growth more than two years after bore-305

hole BA1A was established requires a mechanism that maintains near-critical stress lev-306

els at the crack tips over time. The time-dependent parameters controlling tensile stress307

(Eq. 3) are fluid pressure, p, and water-rock reaction induced stresses, εwr, since the mag-308

nitude of the principal stresses, εH and εh, are unlikely to change on the timescale of309

our time series.310

Given the short (→10 m) distance between boreholes BA1A and BA1D, and their311

similar hydrological structure (Lods et al. 2020), we can assume that the water level data312

from borehole BA1D provides a proxy for fluid pressure in borehole BA1A, and that it313

increased by →54 kPa following large rain events in April and May, 2019. The correla-314

tion between the time interval of the fracture swarms and the interval of elevated fluid315

pressure demonstrates that fluid pressure could have played a role in triggering the swarms316

by lowering the e!ective stress. Fluid pressure changes of this magnitude are su”cient317

to trigger failure in critically stressed rock (e.g., (Ellsworth 2013)), and aquifer confine-318

ment may also play a role. All fracturing events observed in borehole BA1A were be-319

low the confining layer. Given that the increase in pore pressure is due to the aquifer320

being recharged by rain, this implies that recharge from the surrounding mountains oc-321

curs at a depth below the local confining layer at →100 m.322

3.3 Reaction-induced fracturing and estimates of mineralization rates323

All of the fracturing events we observed occur within the depth interval (150-400324

m) where the pH and oxygen fugacity of the borehole fluids indicates active peridotite325

alteration (Figure 1, (Kelemen, James A. Leong, et al. 2021)). Repeated, reaction-driven326

opening and propagation of a pre-existing fracture may occur when fluid-rock reaction327

products partially fill the fracture aperture, and exert a crystallization pressure on the328

fracture walls. This suggests that water-rock interactions may play a role in maintain-329

ing crack tip stress at near-critical levels. Here we discuss the reactions involved that lead330

to these volumetric expansions that create stress to maintain the rock wall of the BA1A331

borehole at critical levels.332

Peridotite alteration can lead to a 40-60% volume increase depending on the frac-333

tion of Fe2+ contained in the olivine (Jamtveit, Putnis, and Malthe-Sørenssen 2009; Kele-334

men, Juerg Matter, et al. 2011), and we can propose order of magnitude estimates for335

the rate at which fractures in the peridotite surrounding the OmanDP boreholes might336

fill with reaction products as follows. Using simplified, iron-free mineral stoichiometry,337

the reaction between water and olivine to form serpentine and carbonate is given by:338

2Mg2SiO4 + CO2 + 2H2O Mg3Si2O5(OH)4 +MgCO3. (5)

This reaction increases the solid volume by 67%, and may be rate-limited by olivine dis-339

solution at low temperature, producing e.g., 5E-10 moles olivine m→2.s→1 at a temper-340
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ature of 40↑C and pH 8 to 10 (rates at 25↑C are from (Oelkers et al. 2018), borehole fluid341

pH and temperature are from (Kelemen, James A. Leong, et al. 2021)), corresponding342

to 0.015 moles m→2.year→1. If we assume that olivine within 0.3 mm of the fracture walls343

participates in this reaction, then, given an olivine density of 3300 kg.m→3, →2 g or 0.014344

moles Mg-olivine per m2 of surface area along the crack walls will dissolve in about a345

year, consuming 6 mm of olivine and producing 10 mm of reaction products. The crys-346

tallization pressure generated by this reaction depends on the crack aperture, and given347

the estimates from Eq. 5 based on critical opening distance (→0.1 to 1 mm), the reac-348

tion products will fill most or all of the pore space and can thus generate significant crys-349

tallization pressures on annual timescales.350

In reality, the crack walls are composed of both olivine and serpentinite (about 85351

vol% serpentine + 15 vol% brucite) produced by olivine hydration, for example by the352

following simplified reactions:353

2Mg2SiO4 + 3H2O Mg3Si2O5(OH)4 +Mg(OH)2, (6)
354

FeII2SiO4 +Mg2SiO4 + 3H2O FeII2MgSi2O5(OH)4 +Mg(OH)2. (7)

Continued carbonation of Mg-serpentine (e.g., serpentine + CO2 talc + H2O) is355

not likely occurring at the low CO2 fugacities of the borehole fluids, and talc is rare or356

absent in drill core. Brucite carbonation reactions and combined iron oxidation and car-357

bon mineralization reactions, however, are both ongoing in the rocks surrounding the bore-358

holes (Kelemen, James A. Leong, et al. 2021). We can thus consider two more simpli-359

fied reactions:360

Mg(OH)2 + CO2 MgCO3 + H2O, (8)

with a solid volume increase of 95%, and361

FeII2MgSi2O5(OH)4 + CO2 + H2O FeIII2Si2O5(OH)4 +MgCO3 + H2, (9)

with a solid volume increase of 38%. The rates of these reactions are less well constrained,362

but (James Andrew Leong et al. 2023) showed that Fe oxidation and H2 production rates363

measured in Oman serpentinites are consistent, within an order of magnitude, with the364

olivine dissolution rate data (Oelkers et al. 2018). Thus, given the uncertainties involved,365

these combined reactions yield a similar result to the simpler olivine weathering reac-366

tion 5. These calculations suggest that the changes in pH and oxygen fugacity measured367

in the BA1A fluids are caused by fluid-rock interactions that produce hydrogen (and in-368

crease pH) and reduce oxygen fugacity, and consequently increase stresses on the wall369

of borehole BA1A.370

4 Conclusion371

Our results demonstrate that sub-vertical tensile cracks continued to grow into the372

actively serpentinizing peridotite rocks surrounding borehole BA1A of the OmanDP MBO373

more than two years after the hole was established. The chemically weakened rock frac-374

tured when pore pressure in the semi-confined portion of the local aquifer increased fol-375

lowing large rain events. This indicates that crack tip stresses remained at near-critical376

levels such that fracture growth could be stimulated with a modest (→50 kPa) increase377

in pore pressure, suggesting that it may not be di”cult to stimulate fracture growth for378

geological carbon sequestration e!orts planned for the MBO site, or other sites like it.379

Indeed, it is possible to consider that there could be a climatic impact on the carbon ab-380

sorption at ophiolite outcrops. Rains in places where confining aquifers allow for pore381

pressure increases would increase the likelihood of fluid filled peridotite cracks to frac-382

ture and promote fluid to access unaltered rock. In places where this could occur it may383
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be that the reaction-driven hypothesis needs an additional component, the climate. As384

rain would regularly increase pore pressure in confining wells, they would regularly ac-385

celerate the stress accumulation at reaction-driven cracking tips. This paints a complex386

picture and will require further study at other ophiolite outcrop sites in order to fully387

understand the climatic impact on the reaction-driven fracturing hypothesis.388

Our analysis indicates that the fracture propagation rates were limited by the abil-389

ity of pore fluids to flow into newly opened pore volume at the fracture tips, which is a390

strikingly similar process to the dilatant hardening mechanism often invoked to explain391

shear rupture during slow earthquakes in crustal regions with high fluid pressure (Sacks392

et al. 1978; Kaproth and Marone 2013; Ikari et al. 2013).393

Appendix A: Hydraulic fracture problem394

The hydraulic fracture setup is sketched in Figure 7 of the main text.395

In situ-stress conditions396

As discussed in the main text, the tensile fracture is caused by the elastic stress397

perturbation due to the borehole, such that the tensile traction along the crack face can398

be written as399

ςn(x, z) = εH(z) + p(x, z)↓ 3εh(z) + εwr, (10)

where εH and εh are respectively the largest and lowest compressive stress and εwr ac-400

counts for the increase in normal stress due to chemical alteration of the rock. The bore-401

hole stress conditions and active mineralization ensure that fracture remains open de-402

spite the confining stress at depth.403

Boundary and initial conditions404

Fluid pressure is assumed to be hydrostatic within the fracture between swarms405

p(x, z) = ϖwgz. A rupture event initiates at the depth of the confining layer due to a406

local increase in fluid pressure.407

Fluid flow408

During swarms, the crack grows and fluid invades the newly created fracture cav-409

ity. Following hydraulic fracture, we assume a Poiseuille fluid velocity profile such that410

flow is characterized by an average flow rate φ̄u across the thin aperture ↼. Neglecting the411

contribution of inertia and fluid exchange with the host rock, lubrication flow through412

the fracture can be expressed as a two-components vector:413

φ̄u = ↓ ↼2

12µw

(↘p↓ ϖwφg). (11)

In the radial direction r, flow rate is driven by the gradient in pressure created by414

the motion of the fracture tip and the associated fluid pressure drops. During crack growth,415

hydraulic fracture model and experiments typically observe a transient lag between the416

fronts of the invading fluid and the one of the propagating crack tip, such that fluid pres-417

sure is assumed to be vanishingly small in the near-tip region r = a.418

In the vertical direction h, fluid is flowing downwards driven by vertical pressure419

gradient plus a gravitational contribution.420
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Fracture mechanics421

Crack growth is assumed to follow the description of Linear Elastic Fracture Me-422

chanics and arises as long as the tensile stress intensity factor at the tip exceeds the frac-423

ture toughness of the rock KI,c. Due to the large confining stresses existing far from the424

borehole, the radial expansion of the crack during each event is expected to be small com-425

pared to the initial crack size, which is supported by the small amplitudes of the mea-426

sured acoustic events. From the observed dynamics of the swarms, crack growth starts427

from the confining layer and progressively migrates downwards. Interestingly, a similar428

tangential crack growth is also observed at the laboratory scale in the context of fluid-429

driven fracture (Cochard et al. 2024). From hydraulic fracture theory, crack propaga-430

tion speed is quasi-static and well approximated by the velocity of lubrication flow in431

the near-tip region φvc ↗ φ̄u(r = a).432

As sketched in Figure 7, the vertical flow in the freshly created fracture space is433

of particular interest and arises through the low-pressure, small-aperture region near the434

tip. Invoking these conditions, we assume that, in the near-tip cavity, the gravity term435

in Eq.(11) dominates the pressure gradient along the vertical direction. This assump-436

tion is further supported by the fact that crack growth arises over much larger distances437

along the vertical direction than along the radial direction. The vertical crack propaga-438

tion speed can then be written as:439

vc,z =
↼2

12µ
ϖg. (12)

Last, we use a cohesive zone model of fracture to estimate the order of magnitude440

of the crack aperture in the tip region from the critical opening distance ↼(r = a, z)/↼c ↗441

1 ↓ 10. The latter is expressed as function of the fracture toughness KI,c, the tensile442

strength T and the elastic parameters of the host rock:443

↼c = ↽
K2

I,c
(1↓ ϱ)

GT , (13)

with G and ϱ being respectively the shear modulus and Poisson’s ratio of the host rock444

and ↽ a constant that corresponds to unity for linear cohesive law or to ↽ = e for ex-445

ponential cohesive law. The combination of Eqs. (12) and (13) leads to the scaling of446

the swarm migration speed reported in Eq. (4) of the manuscript.447

Open Research Section448

Hydrophone data have been archived at the IRIS DMC (network code 7F 2019-2020,449

https://doi.org/10.7914/SN/7F 2019). The lithological data, borehole BA1D water450

level data, and televiewer data can be downloaded from the Inter-Continental Drilling451

Program data repository https://www.icdp-online.org/projects/by-continent/452

asia/oodp-oman/public-data-1. Precipitation data is available through the Coperni-453

cus data repository and Google Earth Engine https://code.earthengine.google.com/454

65cfcd01ee34290615a7c854a00b76f4. Please see supplemental python and matlab codes455

in the associated github repository: https://github.com/SerpRateAI/tensilePaper.456
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