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Abstract

Sustained serpentinization of peridotite within the oceanic lithosphere requires effective supply of water to systems that experi-

ence continuous expansion of the solid volume. Hence, serpentinization preferentially occurs along ridge axes and in subduction

zones where tectonic activity is intense and fracturing helps generating and sustaining the permeability required to connect

seafloor-near environments to depth. The slowest mid-oceanic ridges produce little melt leading to discontinuous magmatic

activity with very thin to no crust along most of the ridge length and up to 8 km thick crust focused around local magmatic

centers. Three types of ultra-slow ridge sections can be distinguished: i) amagmatic, characterized by scarce basaltic crust

and deep seismic activity, ii) magmatic, characterized by a thin basaltic crust and intermediate depth seismic activity, and iii)

volcanic, characterized by a thick basaltic crust and shallow seismic activity. At amagmatic and magmatic ridge types, aseismic

zones are identified above the seismic zone. The lower limit of the aseismic zone along amagmatic sections is thermally con-

trolled and follows a 400-500@C isotherm corresponding to the upper temperature limit for the onset of serpentinization. This

observation suggests that the aseismic zone is significantly serpentinized with ample supply of water to the peridotite-serpentine

interface. Based on recorded seismic activity, we estimate the associated rock volume affected by brittle damage for the different

ultra-slow ridge types. We show that damage produced by seismic activity sustains pervasive serpentinization along amagmatic

and magmatic types, while it is limited in the case of volcanic sections.
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Abstract 20 

Sustained serpentinization of peridotite within the oceanic lithosphere requires effective 21 

supply of water to systems that experience continuous expansion of the solid volume. Hence, 22 

serpentinization preferentially occurs along ridge axes and in subduction zones where tectonic 23 

activity is intense and fracturing helps generating and sustaining the permeability required to 24 

connect seafloor-near environments to depth. The slowest mid-oceanic ridges produce little melt 25 

leading to discontinuous magmatic activity with very thin to no crust along most of the ridge 26 

length and up to 8 km thick crust focused around local magmatic centers. Three types of ultra-27 

slow ridge sections can be distinguished: i) amagmatic, characterized by scarce basaltic crust and 28 

deep seismic activity, ii) magmatic, characterized by a thin basaltic crust and intermediate depth 29 

seismic activity, and iii) volcanic, characterized by a thick basaltic crust and shallow seismic 30 

activity. At amagmatic and magmatic ridge types, aseismic zones are identified above the 31 

seismic zone. The lower limit of the aseismic zone along amagmatic sections is thermally 32 

controlled and follows a 400-500˚C isotherm corresponding to the upper temperature limit for 33 

the onset of serpentinization. This observation suggests that the aseismic zone is significantly 34 

serpentinized with ample supply of water to the peridotite-serpentine interface. Based on 35 

recorded seismic activity, we estimate the associated rock volume affected by brittle damage for 36 

the different ultra-slow ridge types. We show that damage produced by seismic activity sustains 37 

pervasive serpentinization along amagmatic and magmatic types, while it is limited in the case of 38 

volcanic sections. 39 

Plain Language Summary 40 

Water is not limited to the Earth’s surface, but also circulates deeper, where it has 41 

tremendous effects on, for example, earthquakes and volcanic activity. Seawater enters the solid 42 

Earth through fractures penetrating downwards from the seafloor. Many of these fractures form 43 

by seismic activity, particularly at seafloor ridges. Along the ridges, new seafloor forms by the 44 

rise of warm material from deeper levels, making these zones warmer than normal seafloor. 45 

Ridges show a range of temperature conditions, the colder ones being more seismically active. 46 

This study estimates how seismic activity at ridges enables water penetration and storage by 47 

using seismic data from ridge sections with different temperatures. Each earthquake is assumed 48 

to create a damaged volume that increases with the intensity of the earthquake. The total damage 49 
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created by the seismic activity is estimated as the total volume of the damage zones produced by 50 

all earthquakes occurring over a defined duration. Our results demonstrate that, at cold and 51 

intermediate temperature ridges, rocks are sufficiently damaged for water to reach down to the 52 

400-500˚C isotherm. At warm ridges, the volume fraction of damaged rock is smaller so that 53 

water only gets access to localized zones. 54 

1. Introduction 55 

Serpentinization of peridotite through interaction with seawater is a widespread process with 56 

first order effects both on the chemical and physical evolution of the oceanic lithosphere (e.g. 57 

Escartin et al., 1997; Malvoisin, 2015), on the water cycle of the entire geosphere and, through 58 

associated hydrogen and methane production (Bach et al., 2006), also on the deep oceanic 59 

biosphere (e.g. Holm & Charlou, 2001; Plümper et al., 2017). Sustained water supply to the 60 

mantle is favored by a thin and permeable crust and high thermal gradients. Tectonic activity and 61 

faulting along ridge axes and subduction zones provides pathways for seawater to reach and react 62 

with mantle rocks. Hydration of young oceanic lithosphere is believed to be most efficient at 63 

slow and ultraslow oceanic ridges, where peridotite is exposed and seafloor extension is 64 

controlled by tectonics. 65 

Until recently, serpentinization along ridge axes had only been identified within the 66 

uppermost 4-6 km depth below the seafloor along slow and ultra-slow ridges (e.g. Cannat et al., 67 

2010; Momoh et al., 2017). Such extent has been supposed to be limited by the creation of 68 

pathways for water into fresh peridotite. In this context, serpentinization was estimated to affect 69 

ca. 2·10
8
 m

3
 of fresh peridotite per year (Cannat et al., 2010). Recent seismic studies, however, 70 

indicate that in amagmatic volumes of ultraslow ridges water supply may not be the limiting 71 

factor anymore and serpentinization may reach far deeper regions (Schlindwein & Schmid, 72 

2016), and affect larger volumes of lithosphere. It is therefore of central importance to constrain 73 

the processes which control the extent and rate of serpentinization in such geological settings. 74 

Serpentinization is a rapid process on ‘tectonic’ time scales with a maximum rate around 75 

300°C for the hydration of pure forsterite (Martin & Fyfe, 1970; Malvoisin et al., 2012). Martin 76 

& Fyfe (1970) concluded that “in the serpentinization process in nature the rate of diffusion of 77 

water to the reaction site is almost certain to be rate controlling”. In systems where the rate of 78 

water supply is high, the rate of heat production by exothermic serpentinization may even be 79 
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sufficient to produce heat flow anomalies in oceanic basins (Schuiling, 1964; Delescluse & 80 

Chamot-Rooke, 2008), yet large volumes of peridotite remain unreacted even at temperatures 81 

within the stability field of serpentine. The mechanisms creating permeability clearly have first 82 

order effects on the extent of serpentinization. Numerous observations show that the positive 83 

solid volume change associated with the serpentinization reaction may drive local fracturing (e.g. 84 

O’Hanley, 1992), associated reaction produced permeability (Macdonald and Fyfe 1985; 85 

Jamtveit et al., 2008), and possibly microseismicity (Horning et al., 2018). However, in a 86 

detailed study of serpentinized peridotites, Rouméjon & Cannat (2014) showed that 87 

microfractures have a consistent orientation on the 100 m scale, and suggested that the main fluid 88 

pathways during serpentinization have been initiated by tectonic and/or thermal fracturing. 89 

Reaction-driven cracking due to volume change would follow the first influx of water to the 90 

system in addition to tectonic and thermal fracturing. However, clogging effects during swelling 91 

may operate (Hövelmann et al., 2012), and there is little doubt that the most extensive 92 

serpentinization is associated with zones of tectonic deformation such as faults and shear zones 93 

where permeability can be maintained.  94 

Based on seismic data from ultra-slow spreading ridges, Schlindwein & Schmid (2016) 95 

showed that in regions dominated by exposed peridotite, earthquake activity was confined to a 96 

depth interval leaving an essentially aseismic zone above. They inferred the lower limit of the 97 

seismic zone to represent the onset of non-brittle deformation mechanisms in the peridotite, and 98 

the upper limit to be controlled by extensive serpentinization and associated weakening of the 99 

crust at shallower depth. Interestingly, the interface between the shallow non-seismic region and 100 

the seismic zone is parallel to the Brittle-Ductile Transition Zone (BDTZ) and thus is likely 101 

temperature controlled. The temperature of this transition zone, inferred by assuming a constant 102 

thermal gradient from the BDTZ to the seafloor, is in the range 400-500˚C. This coincides with 103 

temperatures estimated for the onset of serpentinization of abyssal peridotites (e.g. Barnes et al., 104 

2009; Mével, 2003; Rouméjon et al., 2015). Mével (2003) suggested that the hydration boundary 105 

at slow and ultra-slow ridges may be limited by the 500˚C isotherm. Temperature control on the 106 

serpentinization reaction implies that the system does not run out of water on the time scale of 107 

the reaction. This requires connected permeability towards near ocean-floor environments, and 108 

sustained generation of reactive surface area of unaltered peridotite, despite of the large reaction-109 

induced volume increase taking place.  110 
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Here we examine the hypothesis that regular earthquake activity in fresh mantle peridotite 111 

can produce the fracturing and permeability required for sustained fluid supply to the 112 

serpentinization front based on seismic data from two segments of the South-West Indian Ridge 113 

(SWIR). Our study includes a relocation of the earthquake dataset from the SWIR oblique 114 

supersegment previously presented by Schlindwein & Schmid (2016) and by Grevemeyer et al. 115 

(2019). We use a method recently proposed by Jamtveit et al. (2018) to determine the volume of 116 

damaged rocks from the recorded seismicity, and then discuss the consequences of these results 117 

on the serpentinization process along ridge axes. 118 

2. Earthquake data 119 

The study area is located along the South-West Indian Ridge (SWIR), a plate boundary 120 

between Africa and Antarctica. We focus on two segments representative of ultra-slow ridge 121 

amagmatic (SWEAP segment; Figures 1,2) and volcanic (SWRUM segment; Figures 3,4) 122 

sections. The analysis employs microseismicity catalogs first presented in Schlindwein & 123 

Schmid (2016). The seismic data have been recorded using eight Ocean Bottom Seismometers 124 

(OBS) for each segment over 8 to 11 months. We have relocated the epicenters of the SWEAP 125 

segment because another study derived different locations (Grevemeyer et al., 2019). The 126 

locations from the original publication of Schlindwein & Schmid (2016) have been retained for 127 

the SWRUM segment. All the seismic events have a local magnitude (Ml) below 3.5 with a 128 

resolution of 0.1. At both sites, only earthquakes with epicenters located less than 15 km beyond 129 

the extent of the seismic network have been selected for additional analysis to ensure reliability 130 

of the data.  131 

2.1. SWEAP oceanic ridge segment 132 

The oblique oceanic ridge supersegment between 9°E and 16°E has one of the slowest 133 

effective opening rates on Earth, equal to 7.8mm/yr (DeMets et al., 1990; DeMets et al., 1994; 134 

Dick et al., 2003). It is a globally amagmatic section at the western end of the SWIR subdivided 135 

in three sub-sections by two magmatic centers, the Joseph Mayes Seamount and the Narrowgate 136 

magmatic segment, located about 200 km apart (Figure 1a). The SWEAP segment is located 137 

between 11°35’E-14°15’E on this supersegment west of the Narrowgate magmatic segment.  138 
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The hypocenters locations presented in Schlindwein & Schmid (2016) and Schmid & 139 

Schlindwein (2016) show large remaining phase residuals that were not fully accounted for by a 140 

priori static correction terms. The cause of these residuals is the occurrence of unusual soft 141 

sediments under four OBS that considerably delayed the S waves. Grevemeyer et al. (2019) 142 

pointed out this effect and proposed an updated relocated catalogue. We here propose our own 143 

updated relocation. We use the linearized location algorithm Hyposat (Schweitzer, 2001) to 144 

determine earthquake locations in a two-step procedure. We first determine station correction 145 

terms to be applied to all stations to account for the time delay caused by the layer of soft 146 

sediments. For this step, we only use the average station residuals of the best observed 147 

earthquakes of the data set to receive robust corrections. Subsequently, we locate all earthquakes 148 

applying the station corrections. In addition, we tested our location approach against using the 149 

probabilistic, nonlinear grid-search algorithm Nonlinloc (Lomax et al. 2000) using both the L2-150 

norm likelihood function (Tarantola & Valette 1982) and the equal differential time likelihood 151 

function (Font et al. 2004) in an iterative approach, assessing the results as a function of root-152 

mean-square phase residuals and spatial location accuracy as suggested by Husen & Smith 153 

(2004). A detailed description of the relocation procedure is available in the supplementary 154 

information. The shape of the seismic zone is globally conserved while the deepest hypocenters 155 

are ca. 10-15 km shallower than what was presented in Schlindwein & Schmid (2016) and 156 

Schmid & Schlindwein (2016). The depth difference is smaller for shallower earthquakes. The 157 

shift in depth is in agreement with the catalogue of Grevemeyer et al. (2019). However, their 158 

catalogue includes some shallow events on the west side of the studied area that are not present 159 

in our relocation. This difference could impact the interpretation of the results we obtain for 160 

damaged rock volumes caused by seismicity as will be discussed later, but the calculation (see 161 

Section 3.1.) depends to a first order on the global properties of the earthquake catalogues and 162 

only slightly on the exact location of the earthquakes. 163 

The seismic activity of the SWEAP segment is confined to a 20 km wide band parallel to the 164 

ridge axial valley (Figures 1b & 2b). Local magnitudes are mostly between 1 and 2. At depth, the 165 

seismic zone undulates. The lower limit follows the BDTZ and the upper limit is approximately 166 

8 km above, parallel to the BDTZ (Figure 1c). As the BDTZ is thermally controlled, the upper 167 

limit of the seismic zone is likely to be so too. Based on the depth of the seismic zone (Figure 1c) 168 

and the outcome of seafloor dredging (see Figure 1c of Schlindwein & Schmid, 2016), we can 169 
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classify two types of zones: amagmatic where the seismicity is the deepest and peridotite has 170 

been dredged, and magmatic where the thermal boundaries rise and mostly basalts have been 171 

dredged. We selected one zone of each type and compare their seismicity (Figure 1b-c). Note 172 

that the north side of the seismic zone shows a gradual decrease of the seismic activity, while the 173 

limit on the south side is sharp (Figure 1b). It is especially marked in the amagmatic portion 174 

(Figure 2b). This observation was interpreted to reflect the presence of an aseismic fault zone 175 

disconnecting the two sides of the ridge (Schmid & Schlindwein, 2016). 176 

The amagmatic portion is characterized by a high relative abundance of peridotite exposure 177 

on the seafloor implying an oceanic extension controlled by tectonics and nearly no magmatic 178 

activity. This is supported by the deep seismic activity indicative of a cooler than usual thermal 179 

regime in this portion of ridge. The seismic zone is a flat layer located between 13 and 20 km 180 

depth. Above there is an aseismic zone. The seismic activity in the amagmatic portion is less 181 

intense than in the rest of the segment, with a smaller number of earthquakes but also smaller 182 

magnitude events (Figures 1c-d & 2).  183 

The magmatic portion is characterized by its shallower seismic zone and the occurrence of 184 

basaltic rocks on the seafloor. These are the consequences of a slightly warmer thermal regime 185 

compared to the amagmatic portion producing some magmatic activity. Most of the seismic 186 

activity is comprised in a band between 10 and 17 km depth, following the undulations of the 187 

BDTZ (Figure 1c & 2d) similarly to the amagmatic portion. However, the upper limit of the 188 

seismic zone is not perfectly parallel to the BDTZ anymore. A section across the ridge axis 189 

reveals that the seismic zone has a triangular section pointing towards the seafloor (Figure 1e). 190 

The base of the triangle is formed by the 7 km thick band containing most of the seismic activity 191 

(Figure 2d) and the activity above 10 km forms the point of the triangle. The seismic activity is 192 

more intense in the magmatic portion than in the rest of the segment with more earthquakes and 193 

larger magnitudes recorded (Figures 1c & 2). An aseismic zone is again present above the 194 

seismic zone. 195 

By comparing the depth of the BDTZ (assumed to be 600-800˚C; Harper, 1985) and the 196 

lower limit of the aseismic zone that is thermally controlled (i.e. parallel to the BDTZ), and 197 

assuming a linear thermal gradient to the surface (consistent with low magmatic regime), we 198 

infer the temperature of the base of the aseismic zone to be around 400-500˚C. This corresponds 199 

to the temperature expected for the onset of serpentinization in the oceanic lithosphere (e.g. 200 
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Barnes et al., 2009; Mével, 2003; Rouméjon et al., 2015). Serpentinization is known to induce a 201 

weakening of the rock because of the velocity strengthening frictional behavior of serpentines 202 

(Moore et al., 2004). This could explain the aseismicity of the zone. Observed P-wave velocities 203 

(Schmid & Schlindwein, 2016) are consistent with serpentinized peridotite or basaltic material. 204 

However, due to the low magmatic activity of the entire portion, the basaltic component is likely 205 

limited. 206 

 207 

 208 

Figure 1. Location of the SWEAP segment and location of its recorded seismicity a) Location of 209 

the SWEAP segment on the SWIR and map of the oblique supersegment detailing its structure 210 

around the SWEAP segment. Blues lines define the globally amagmatic oblique supersegment. 211 

Red lines define magmatic portions and the yellow dot indicates a major volcanic seamount. 212 

Lines are dashed when included inside supersegments. The pink line represents the ridge axis. 213 

The SWEAP segment location is indicated by the green square. b) Earthquake epicenters 214 

location along the SWEAP segment. Places where no bathymetry data was available are 215 

indicated by a lighter grey color. c) Depth profile of earthquakes distribution and magnitudes 216 

along the SWEAP segment. Dashed lines indicate the BDTZ and the 400-500˚C isotherm. d) & 217 

e) Depth profile of earthquakes distribution and magnitudes across the amagmatic (d) and 218 
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magmatic (e) portions of the SWEAP segment. Blue and red zones indicate the emplacement of 219 

the amagmatic zone and the magmatic zone, respectively. In b, c, d, and e, yellow triangles show 220 

ocean bottom seismometers location. 221 

 222 

Figure 2. Spatial distribution of earthquake numbers and magnitudes for the SWEAP catalogue. 223 

a) Schematic map showing the cross-sections represented in b), c) and d). b)-d) Histograms 224 

showing the earthquakes number and magnitude spatial distributions of the SWEAP segment and 225 
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of the amagmatic and magmatic sub-segments. Spatial directions represented are latitude (b), 226 

longitude (c), and depth (d). 227 

2.2. SWRUM oceanic ridge segment 228 

The second study area is a volcanic section between 65°10’E and 66°05’E close to the 229 

Rodriguez Triple Junction where the African, Antarctica and Australian plates meet (SWRUM 230 

segment; Figure 3a). The opening rate at this location is 13.6 mm/yr (DeMets et al., 1990; 231 

DeMets et al., 1994). The segment is centered on a large active volcano typical of ultra-slow 232 

systems. The main volcano is assumed to feed surrounding minor magmatic centers and its 233 

eruption cycle lasts for several decades (Schmid et al., 2017). Again, the seismic activity is 234 

mostly contained in a 20 km wide band corresponding to the ridge axial valley. However, some 235 

seismic activity has been recorded outside this band and could exist outside the seismic network 236 

(Figure 3b). Under the volcano, a melt lens suppresses seismic activity (Schmid et al., 2017; 237 

Figures 3b-c & 4c). The earthquake magnitudes are in general lower than at the SWEAP 238 

segment, most of them being lower than 2 with a significant population lower than 1 (Figures 3c-239 

d & 4). The lower limit of the seismic zone follows the BDTZ, and its thickness is slightly larger 240 

than 10 km (Figures 3c-d & 4d). The upper limit of this zone reaches the seafloor next to the 241 

volcano and dips down to a few kilometers away from it. On the western side this zone reaches 242 

~10 km depth over a short distance, while on the eastern side it stagnates at ~5 km depth. It is 243 

correlated with enhanced seismicity (Figure 4c) due to dyke intrusion and tremor (Schmid et al., 244 

2017; Meier & Schlindwein, 2018), and enhanced magmatic activity on the North-East side of 245 

the ridge segment. A section across the ridge axis shows an inversed V-shape of the seismic zone 246 

(Figure 3d). 247 
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 248 

Figure 3. Location of the SWRUM segment and location of its recorded seismicity. a) Location 249 

of the SWRUM segment on the SWIR and map of the SWIR around the SWRUM segment. The 250 

yellow dots indicate major volcanic seamounts. The pink line represents the ridge axis and the 251 

black lines represent the Mid-Indian and the South-East Indian ridges. The SWRUM segment 252 

location is indicated by the green square. b) Epicenters location along the SWRUM segment. 253 

Areas where no bathymetry data was available are indicated by a lighter grey color. c) Depth 254 

profile of earthquakes distribution and magnitudes along the SWRUM segment. Dashed line 255 

indicate the BDTZ. d) Depth profile of earthquakes distribution and magnitudes across the 256 

SWRUM segment. The yellow zone indicates the region below the volcano. In b, c, and d, 257 

yellow triangles show ocean bottom seismometers location. 258 
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 259 

Figure 4. Spatial distribution of earthquake numbers and magnitudes for the SWRUM catalogue. 260 

a) Schematic map showing the cross-sections represented in b), c) and d). b)-d) Histograms 261 

showing the earthquakes number and magnitude spatial distributions of the SWRUM segment. 262 

Spatial directions represented are latitude (b), longitude (c), and depth (d). 263 

3. Methods 264 

We analyze the likelihood that seismic activity and associated fracturing may generate 265 

pervasive rock damage and associated permeability towards an eventual serpentinization front. 266 

This is done by testing if the estimated fractured (damaged) rock volume generated by the 267 

observed seismic activity is sufficient to maintain pathways for seawater to reach fresh peridotite 268 

along the different types of amagmatic, magmatic and volcanic segments. The damaged volume 269 

is calculated following the method developed by Jamtveit et al. (2018) and is based on scaling 270 
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relations from fracture mechanics and earthquake phenomenology (Ben-Zion, 2008), with 271 

estimated a- and b-values of the Gutenberg-Richter statistics in the study areas. Due to the 272 

pervasive spatial distribution of the earthquakes and their complex focal solution (Schmid & 273 

Schlindwein, 2016), we initially assume that each seismic event produces new damage volume. 274 

The likely effects of fault reactivation and damage zone overlapping are discussed in section 5.1. 275 

3.1. Damaged volume calculation 276 

The volume of damaged rock (𝑉𝑅𝐷) generated by a population of earthquakes within a 277 

magnitude range 𝑀1 to 𝑀2 is estimated by integrating the damage created by all earthquakes for 278 

a given study region: 279 

𝑉𝑅𝐷(𝑀1 < 𝑀 < 𝑀2) = ∫ 𝐴(𝑀) ∙ 𝑡𝑅𝐷(𝑀) ∙ 𝑛(𝑀) ∙ 𝑑𝑀
𝑀2

𝑀1
,  (1) 280 

where A and 𝑡𝑅𝐷 are the fracture surface area and the thickness of the damaged zone of an 281 

earthquake with magnitude M, and n(M) is the density of earthquakes around magnitude M given 282 

by the Gutenberg-Richter relation. Both the fracture area and damage zone thickness increase 283 

with the earthquake magnitude. 284 

When integrated, equation (1) leads to the following relation (Jamtveit et al., 2018): 285 

𝑉𝑅𝐷(𝑀1 < 𝑀 < 𝑀2) = 𝛽 ∙ [exp(𝛼𝑀2) − exp(𝛼𝑀1)]   (2) 286 

where 𝛼 = (𝑑 − 𝑏) ∙ ln(10) and 𝛽 =
𝜋

𝛼
𝛾 ∙ (

7.10−5

16Δ𝜀
) ∙ 10𝑎+𝑒. 287 

Here 𝛾 is a constant relating the damaged zone thickness to the rupture length, Δ휀 is the 288 

strain drop and the formula assumes that each earthquake can be approximated by a circular 289 

rupture (Ben-Zion, 2008). For our calculations we use 𝛾 = 0.002 and Δ휀 = 5∙10
-5

 as in Jamtveit et 290 

al. (2018). The constants a and b are extracted from the Gutenberg-Richter statistics of the data 291 

(see Section 3.2.), while d and e are coefficients describing the relation between seismic potency 292 

(𝑃0) and magnitude log(𝑃0(𝑀)) = 𝑑𝑀 + 𝑒. We use 𝑃0 in km
2∙cm, d = 1 and 1.34 for magnitudes 293 

smaller or larger than 3.5, respectively, and e = -4.7 and -5.22 for magnitudes smaller or larger 294 

than 3.5, respectively. These values were found to describe seismicity in a variety of regions 295 

(Ben-Zion and Zhu, 2002; Edwards et al., 2010). 296 
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3.2. Gutenberg-Richter scaling parameters 297 

The frequency-magnitude relation log10(𝑛(𝑀)) = 𝑎 − 𝑏𝑀 (Gutenberg and Richter 1944) is 298 

a universal empirical law describing the distribution of the number of earthquakes with different 299 

magnitudes. The parameters a and b quantify the overall rate of seismicity and the relative rates 300 

of events in different magnitude ranges. The a-value depends on the observation time and size of 301 

the studied zone, while the b-value does not depend strongly on these quantities. The a- and b-302 

values for our datasets are estimated from the cumulative distribution of earthquakes defined 303 

between the minimum and maximum magnitudes. The obtained a-values are normalized by the 304 

surface of study areas (length of examined ridge times the width of the seismic zone) and by the 305 

time span of the data acquisition (Table 1). This provides a-values and corresponding event 306 

intensity 10𝑎 in number of earthquakes per year per km
2
. 307 

Spreading 

rate (mm/yr)

Time of OBS 

deployment (yr)

Coordinates along the axis 

(latitude, longitude)

Section 

length (km)

Depth 

interval (km)

Total [-52.480;12.850] [-52.265;13.890] 74,5 9

Amagmatic 

section
[-52.420;13.150] [-52.350;13.450] 21,8 8

Magmatic 

section
[-52.350;13.450] [-52.290;13.700] 18,2 10

13,6 0,65
[-27.833;65.210] [-27.700;65.450] 

[-27.650;65.650] [-27.500;66.080]
72,8 12SWRUM

S
W

E
A

P

7,8 0,94

Ridge

308 
Table 1. Oceanic ridge sections characteristics used in the calculation of damage volumes. The 309 

coordinates have been determined to obtain the best possible representation of the length of the 310 

ridge affected by the selected earthquake populations and are used to calculate the section length. 311 

The SWRUM section is composed of two segments as the portion rendered aseismic by the 312 

volcano has been removed from the length estimate. The depth interval column gives the 313 

thickness of the seismic zone in depth. 314 

A key parameter in the determination of a- and b-values is the magnitude of completeness 315 

(𝑀𝑐) of the earthquake catalogues, above which all earthquakes are assumed to be recorded. The 316 

estimates of b and a are sensitive to 𝑀𝑐. We use three different methods to estimate 𝑀𝑐: the 317 

maximum curvature (𝑀𝑐MAXC), the goodness-of-fit (𝑀𝑐GFT) based on the maximization of a 318 

parameter, 𝑅GFT (between 0 and 100), and the b-value stability (𝑀𝑐MBS). Details of these three 319 

methods are given in the Appendix A. The average value provided by the three methods is used 320 

as the estimate of 𝑀𝑐 and their standard variation is used as the error on the estimated 𝑀𝑐. 321 
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To obtain the most accurate a- and b-values, we use linear regression. A cut-off magnitude 322 

(𝑀𝑐𝑜) is required for large events to avoid non-significant deviation from the distribution tail of 323 

the Gutenberg-Richter scaling. We implemented two methods to estimate 𝑀𝑐𝑜. The first one 324 

identifies when the number of earthquakes recorded significantly drops (𝑀𝑐𝑜𝑑𝑟𝑜𝑝). The second 325 

one is similar to the b-value stability method used to estimate 𝑀𝑐 (𝑀𝑐𝑜𝑀𝐵𝑆). Details of these two 326 

methods are given in Appendix B. The mean value of 𝑀𝑐𝑜𝑑𝑟𝑜𝑝 and 𝑀𝑐𝑜𝑀𝐵𝑆 is used as 𝑀𝑐𝑜 with 327 

an error estimated as the difference between 𝑀𝑐𝑜𝑑𝑟𝑜𝑝 and 𝑀𝑐𝑜𝑀𝐵𝑆 divided by 2. 328 

Final a- and b-values are obtained by linear regression between 𝑀𝑐 and 𝑀𝑐𝑜. The errors are 329 

estimated using the variability of 𝑀𝑐 and 𝑀𝑐𝑜. Populations of a- and b-values are estimated for 330 

all the possible values of 𝑀𝑐 and 𝑀𝑐𝑜 within their error ranges. The error in a and b are 331 

considered to be 2 times the standard deviations of these populations. 332 

4. Results 333 

4.1. a- and b-values 334 

Calculations of a- and b-values and associated damage volumes are made based on seismic 335 

data from the SWEAP and SRWUM segments. The completeness magnitude (𝑀𝑐) values for the 336 

SWEAP segment and sub-segments are consistently between 1.4 and 1.6, with errors between 337 

0.1 and 0.3 (Table 2 & Figure 5a-c). The amagmatic section has the largest uncertainty (0.3). 338 

This is due to the low number of hypocenters of this ridge portion, resulting in poor statistics. 339 

The estimate of 𝑀𝑐 for the SWRUM segment is however much more uncertain. The MAXC 340 

method returns a value of 0.4, while the GFT and  MBS methods give a value of 1.7 (Table 2 & 341 

Figure 5d). We estimate 𝑀𝑐 for the SWRUM segment to be 1.3 with an error of 0.8. This large 342 

uncertainty is likely the consequence of the volcanic activity of the area.  343 

ntot M c MAXCM c GFT R GFT M c MBS M c +/- M co dropM co MBS M co +/- a +/- b +/-

Total 1055 1,5 1,5 74,44 1,7 1,6 0,1 3,0 2,4 2,7 0,3 1,11 0,20 0,97 0,10

Amagmatic 

section
280 1,2 1,6 83,25 1,7 1,5 0,3 2,7 2,7 2,7 0,0 1,05 0,17 1,02 0,07

Magmatic 

section
421 1,3 1,5 75,84 1,5 1,4 0,1 2,5 2,5 2,5 0,0 1,13 0,07 0,87 0,03

2657 0,4 1,7 93,90 1,7 1,3 0,8 2,8 2,9 2,8 0,1 1,25 0,31 1,26 0,14

Ridge

S
W

E
A

P

SWRUM  344 

Table 2. Results of𝑀𝑐,𝑀𝑐𝑜, a- and b-values estimates. 345 
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 346 

Figure 5. Graphical representations of 𝑀𝑐MAXC, 𝑀𝑐GFT and 𝑀𝑐MBS estimates. Blue bars 347 

show the earthquake magnitude (𝑀𝑙) distribution. 𝑀𝑐MAXC is the value of 𝑀𝑙 for which most 348 

earthquakes have been recorded. Green triangles show the variations of 𝑅𝐺𝐹𝑇 when varying 𝑀𝑐. 349 

The first maximum of this green curve gives the estimate of 𝑀𝑐GFT. Red dots show the variations 350 

of 𝑏calc (a value of b calculated based on 𝑀𝑐 and the mean of magnitudes above 𝑀𝑐; see 351 

Appendix A) with 𝑀𝑐. 𝑀𝑐MBS is the first value of 𝑀𝑐 for which the red curve reaches a plateau. 352 

Details about 𝑀𝑐MAXC, 𝑀𝑐GFT and 𝑀𝑐MBS estimates are available in Appendix A. 353 

The cut-off magnitudes (𝑀𝑐𝑜) for all segments are well defined (Table 2 & Figure 6). The 354 

largest uncertainty is obtained for the complete SWEAP segment and can be explained by a 355 

slight change of slope of the cumulative distribution above magnitude 2.4 (Figure 6a). This 356 

change of slope is also observed, and even more pronounced, in the magmatic sub-segment 357 

(Figure 6c). 358 
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 359 

Figure 6. Graphical representations of 𝑀𝑐𝑜drop and 𝑀𝑐𝑜MBS estimates. Blue dots are cumulative 360 

distributions of the earthquakes magnitudes. 𝑀𝑐𝑜drop is the magnitude above which the 361 

distribution drops significantly. The red crosses and dots show the variations of 𝑎reg and 𝑏reg 362 

respectively (a- and b-values are obtained by regression between the previously estimated 𝑀𝑐 363 

and a varying 𝑀𝑐𝑜) with 𝑀𝑐𝑜. 𝑀𝑐𝑜MBS is the highest magnitude for which 𝑏reg remains near the 364 

plateau value. Details about 𝑀𝑐𝑜drop and 𝑀𝑐𝑜MBS estimates are given in Appendix B. 365 

For all ridge types, a-values are in the same range within error (Figure 7 & Table 2). This 366 

result indicates that the number of earthquakes along any ridge type is similar, only their 367 

magnitudes change depending on the thermal structure. The SWRUM segment possibly has a 368 

higher a-value which may be linked to the particularly active volcanic activity during the period 369 

of the recording (Schmid et al., 2017; Meier & Schlindwein, 2018). For the SWEAP region, the 370 
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b-values are close to 1 (Figure 7a-c & Table 2), as expected for oceanic ridges (e.g. Bayrak et al., 371 

2002). The value is the lowest (0.870.03) along the SWEAP magmatic portion. This portion is 372 

thus the most likely to produce large magnitude events. The b-value for the complete SWEAP 373 

segment is intermediate between the values obtained for the magmatic and amagmatic portions. 374 

The highest value (1.26  0.14) is obtained along the SWRUM axis (Figure 7d & Table 2). Such 375 

a high value in a volcanic context is not surprising. The warm thermal regime prevents high 376 

stress and seismicity is limited to low magnitude event.377 

378 
Figure 7. Cumulative density per seafloor surface area unit and per year (nd) of earthquakes 379 

magnitudes compared to regression of the Gutenberg-Richter law. Red dashed lines indicate the 380 

location of 𝑀𝑐 and 𝑀𝑐𝑜 and red shaded zone shows their errors. The Gutenberg-Richter law 381 

regression is represented by a blue line and shaded blue zone show the error on it due to the error 382 

on 𝑀𝑐. 383 
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4.2. Volume of rock damaged by earthquakes 384 

Before calculating the damaged volume, the magnitudes 𝑀1 and 𝑀2 introduced in equations 385 

(1) and (2) need to be determined. While 𝑀1 does not have much influence on the result as long 386 

as it is small, 𝑀2 has a significant influence as the largest earthquakes produce a relatively large 387 

fraction of the total damage volumes. 𝑀1 is obtained from the smallest magnitude recorded: 0.4 388 

for the SWEAP regions and -0.9 for the SWRUM region. 𝑀2 is estimated from the largest 389 

teleseismic events recorded in each area: 5.8 for the SWEAP regions and 5.5 for the SWRUM 390 

region. Teleseismic events reflect seismic activity over longer time intervals (around 20 years in 391 

our case), which is more representative of the seismic activity of large events. Since it is highly 392 

unlikely that the largest events in the study areas occurred in the last 20 years, our estimates are 393 

lower bound values. 394 

M1 M2

Damaged volume per 

My in a lithospheric 

column (10-6 km/yr)

+/-

Damaged 

volume per 

My (%/My)

+/-

Damaged volume 

out of seismic 

zone (%)

+/-

6.7 74 191

3.4 37 96

2.3 28 72

1.3 17 43

5.8 58 148

4.5 45 116

0.6 5.0 7.3

0.3 2.8 4.2

Ridge

193

42

75

107

527

6.7 9.8

206

0.4 5.8Amagmatic section

S
W

E
A

P

Total

3.3

0.4 5.8 6.8

SWRUM -0.9 5.5 0.80

Magmatic section 0.4 5.8 20.6

395 
 396 

Table 3. Results of calculated damaged volume. In the error columns (+/-), for each ridge 397 

portion, the upper line is the positive error and the lower line is the negative error. 398 

The estimated damage-volumes from equation (2) are given in Table 3. Due to the 399 

normalization of the earthquake distributions by the seafloor area and acquisition time (that 400 

allows comparison of different mid-oceanic ridge portions), results are given in km/yr 401 

(km
3
/km

2
/yr). The values quantify damaged lithospheric volumes per year for one km

2 
surface 402 

area of seismically active sea floor. They represent the height of lithosphere damaged each year 403 

in a lithospheric column. The results are also given as a percentage of lithospheric volume 404 

affected by earthquake damage after one million year of seismic activity, and after the entire 405 

period the rock column will spend in the seismic zone of the rift valley given the observed 406 

spreading rate and width of the valley. The estimated values do not account for possible 407 

reactivation of fault zones or damage volume overlap, so some of the presented results are over 408 
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100% (see discussion below). Errors are calculated by computing the damaged volume for all the 409 

possible a and b values within their errors (with a resolution of 0.01). The results obtained follow 410 

a lognormal distribution. This is because a and b occur as exponents in equation (2). A 411 

consequence of this is that errors should be asymmetrical. Errors are obtained as follows: 412 

Δ𝑉𝑅𝐷+ = 10log10(𝑉𝑅𝐷(𝑎,𝑏))+std(log10(𝑉𝑅𝐷list)) − 𝑉𝑅𝐷(𝑎, 𝑏) (3) 413 

Δ𝑉𝑅𝐷− = 𝑉𝑅𝐷(𝑎, 𝑏) − 10log10(𝑉𝑅𝐷(𝑎,𝑏))−std(log10(𝑉𝑅𝐷list)) (4) 414 

with Δ𝑉𝑅𝐷+ and Δ𝑉𝑅𝐷− representing the positive and negative error on 𝑉𝑅𝐷, respectively; 𝑉𝑅𝐷list 415 

is the list of damage volumes obtained from varying a and b within their errors; std is the 416 

standard deviation. 417 

The most striking result is the significant portion of damaged rock along the magmatic and 418 

amagmatic segments compared to the volcanic one. While more than half of the seismic zone 419 

volume is damaged along the SWEAP region after one million year, only a few percent of the 420 

seismic zone is damaged along the SWRUM region. For the SWEAP portions, the amagmatic 421 

section shows the least damage with 4217
28% of rock volume damaged after one million year in 422 

the seismic zone and 10743
72% after the rock volume has been brought out of the seismic zone 423 

by the ridge spreading. The most damaged section is the magmatic section, consistent with the 424 

more frequent occurrence of large earthquakes, inducing large damage volumes. The damage 425 

volumes are well over 100% after only one million year. The complete SWEAP segment returns 426 

volumes intermediate between the magmatic and amagmatic segments with 7537
74% of 427 

damaged volume after one million year and 19396
191% damaged volume once the rock volume 428 

is out of the seismic zone. 429 

5. Discussion 430 

5.1. Fault reactivation, damage zone overlaps and volume damage 431 

Several observations indicate that fault reactivation has limited effects on the estimated 432 

damaged volume. Firstly, the distribution of earthquakes in the seismic zones is pervasive and 433 

does not show the characteristic alignments typical of large faults (Figures 1 & 3). Secondly, the 434 

estimated focal mechanisms in the SWEAP segment have a high degree of variation, indicative 435 

of a complex stress field and strain partitioning (Schmid & Schlindwein, 2016). Finally, 436 
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clustered seismicity is very limited and earthquakes with similar waveforms represent less than 437 

10% of the recorded seismicity. 438 

In contrast, damage zone overlap is likely to have a major contribution when the damage 439 

volume becomes an important portion of the seismic zone and is likely responsible for the 440 

calculated damage volumes exceeding 100% along the SWEAP segment. Because the damage 441 

volume of an earthquake increases exponentially with its magnitude (equation (2)) and the 442 

probability of one earthquake to produce damage overlapping previously damaged rock is 443 

proportional to the size of its damage zone, this contribution increases with the proportion of 444 

large magnitude earthquakes. Damage volumes exceeding 100% are thus indicative of a 445 

significant portion of the lithosphere being damaged several times, most likely leading to large 446 

scale connected permeability. 447 

5.2. Earthquakes depth and volume damage 448 

In this section we compare our results to the earthquakes distribution obtained by 449 

Grevemeyer et al. (2019). The main difference between the two datasets are the location and 450 

more particularly the depth of the earthquakes. Unfortunately, they did not calculate earthquake 451 

magnitudes, so we cannot compare this parameter with our results. Our deepest seismic activity 452 

is located around 20 km, while theirs is located around 16 km depth. If most of the seismicity is 453 

concentrated in a 20 km wide undulating band as in our case, Grevemeyer et al.’s (2019) 454 

relocation also shows some shallow seismic activity between 1-4 km depth in the west part of the 455 

segment. All maps and earthquakes distribution histograms for the Grevemeyer et al. (2019) data 456 

are available in the Supplementary Materials. 457 

We assume the a- and b-values are the same as the one we calculate with our dataset. This 458 

implies that the damage calculation we use returns the same results given in km/yr. However, the 459 

size of the seismic zone has an impact on the damaged volume percentages. As the width and the 460 

length of the studied section are the same, the difference involves the thickness of the seismic 461 

zone. The thinner the zone, the denser the seismic activity and the higher the percentages, but the 462 

absolute depth has no impact. The thickness of the seismic zone of Grevemeyer et al. (2019) is 463 

~8 km in the magmatic part and ~7 km in the amagmatic part (adding the thicknesses of shallow 464 

and deep seismic zones). Both these thickness are thinner than the ones estimated based on our 465 

dataset. This would result in higher damage volume percentages. Thus, regardless of the 466 
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earthquakes depth, our estimates point to substantial volume of rock damage, sufficient to enable 467 

water penetration and subsequent serpentinization down to the depth of the seismic zone. The 468 

absolute depth of the seismic zone then defines the thickness of the serpentinized layer. 469 

5.3. Seismicity and serpentinization 470 

Serpentinization leads to rock weakening (e.g. Escartin et al., 1997). However, weakening 471 

does not necessarily imply that the rock becomes aseismic. Experiments on serpentinites have 472 

shown that seismic response may arise when shearing takes place under sufficiently high stress 473 

(Reinen, 2000; Brantut et al., 2016). Large magnitude earthquakes have also been reported from 474 

serpentinized zones, particularly in subduction zones (e.g. Emry et al., 2014) and transform faults 475 

(e.g. Abercrombie & Ekström, 2001) where some of the highest magnitude earthquakes occur. 476 

However, it is important to distinguish between the different stress fields at subduction zones, 477 

transform faults, and mid-oceanic ridges. Mid-oceanic ridges experience purely extensional 478 

stresses, and it is well established that rocks are weaker and fracture more easily under tension 479 

(Sibson, 1998). Less stress can be accumulated within the rocks leading to lower magnitude 480 

seismicity. 481 

Horning et al. (2018) presented a study of the microseismicity at the Rainbow Massif 482 

located along the Mid-Atlantic Ridge. The massif formed by exhumation of the lithosphere along 483 

a large, currently inactive, detachment fault. These authors concluded that serpentinization and 484 

associated reaction driven expansion is likely the main cause for the recorded seismic activity. 485 

All the seismic events at the Rainbow massif are of rather low magnitude, most of them below 486 

local magnitude 1.5 with an average around 0.5. These magnitudes are much smaller than the 487 

ones form our SWEAP catalogue. Our detection limit would be too high to record 488 

serpentinization-produced seismicity. This may explain the aseismic zone along the SWEAP 489 

segment. 490 

Serpentinization was not the main process generating the recorded seismicity along the 491 

SWEAP segment. We infer that most of the seismicity takes place prior to serpentinization, in a 492 

zone where serpentine is not yet stable, but is subsequently transported towards the zone of 493 

serpentine stability during progressive ridge opening. This interpretation is supported by the 494 

Vp/Vs ratios (around 1.77) which are closer to what would be expected for a dry mantle rather 495 

than for serpentinized peridotite (Christensen, 2004). Also, our b-values are close to what is 496 
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expected for mid-oceanic ridges (Bayrak et al., 2002) and much lower than what is obtained for 497 

serpentinized zones (e.g. 1.7 in Horning et al., 2018). 498 

Hints of the presence of serpentine can be seen in the seismic data. The proportion of small 499 

magnitude earthquakes seem to increase towards the aseismic zone above ~12 km depth for the 500 

magmatic portion and above ~16 km depth for the amagmatic one (Figure 2d). This could 501 

indicate the onset of serpentinization (a few percent) or the preferential uptake of part of the 502 

stress by the weaker aseismic zone above. The focal mechanisms calculated from the 503 

microseismicity are diverse and differ from the normal faulting shown by larger teleseismic 504 

events (Schmid & Schlindwein, 2016). This observation may indicate that the far-field tectonic 505 

stress is perturbed by local stresses possibly generated by volume changes associated with 506 

serpentinization reactions. The higher b-value associated with the lower seismic activity of the 507 

amagmatic SWEAP portion compared to the magmatic portion could indicate a more extensive 508 

serpentinization in the amagmatic portion. It also seems unlikely that the colder amagmatic 509 

lithosphere would produce less and lower magnitude seismic activity than a warmer one under a 510 

similar stress field. 511 

5.4. Three types of ultra-slow ridge sections 512 

Our study considers three types of ultra-slow ridge regimes: amagmatic, magmatic and 513 

volcanic (Figure 8). These ridge types are characterized by distinctive seismic activities and 514 

seismic zone shapes, thus distinctive volumes of damaged rocks (Table 3). This result leads to 515 

pronounced variations in the extent of expected serpentinization. In the following, we present 516 

models for the interaction between serpentinization and seismic activity for each ridge type. The 517 

position of the isotherms in Figure 8 is solely based on the position of the BDTZ and the 518 

assumption of a linear thermal gradient towards the seafloor. It does not take into account 519 

complexities due to magmatic intrusions or hydrothermal activity.  520 

The amagmatic ridge type (Figure 8a) is characterized by a low thermal gradient and a deep 521 

BDTZ in the axial valley (~20 km depth in our case). The lack of magmatic activity results in 522 

almost no thermal uplift at the ridge axis and in a very thin and discontinuous basaltic crust. 523 

Oceanic extension is taken up by tectonics with continuous exhumation of mantle rocks by 524 

flexural rotation along large detachment faults (Sauter et al., 2013) leading to an unusually 525 

smooth seafloor (Cannat et al., 2006). The seismic zone forms a deep, ~7 km thick band that 526 
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climbs somewhat away from the ridge axis on one side to reach its shallowest depth (Figure 1d). 527 

Referring to Sauter et al. (2013) flip-flop model of exhumation, the shallowest seismicity could 528 

be linked to limited magmatic activity close to the active detachment. The percentage of damage 529 

after the rock volume is brought out of the seismic zone by the ridge spreading is around 100% 530 

(Table 3). Even considering that part of this is overlapping damage, it seems reasonable to 531 

assume that a connected network of fractures is created by the seismicity. This would be in 532 

agreement with the serpentinization model presented by Rouméjon et al. (2015) based on 533 

dredged peridotites from the SWIR. This model suggests that serpentinization is concentrated 534 

within high-permeability corridors possibly produced by tectonic activity. Seawater can then 535 

easily penetrate into the peridotite, leading to partial serpentinization of the mantle down to the 536 

limit of serpentine stability around the 400-500˚C isotherm. The supply of water is not limited 537 

and the serpentinization front is thermally controlled. This is consistent with the presence of the 538 

aseismic zone, weak seismicity of the amagmatic portion, and lower magnitudes towards the 539 

aseismic zone. 540 

The magmatic ridge type (Figure 8b) has steeper thermal gradients with its BDTZ slightly 541 

shallower than the amagmatic type (~17 km depth in our case). Its magmatic activity leads to the 542 

formation of a thin almost continuous basaltic crust on the seafloor. Most of the spreading is 543 

accommodated by tectonics with the development of some large detachment faults, but 544 

magmatic intrusions also play a significant role. This mode of ridge opening is comparable to 545 

what is observed at segment ends along slow ridges (e.g. the Mid-Atlantic Ridge). Similarly to 546 

the amagmatic section, the base of the seismic zone becomes shallower on one side. However, 547 

the seismic zone has a triangular cross-section that climbs above the assumed 400-500˚C 548 

isotherm in the axial valley (Figure 1e). This shape is probably linked to the magmatic activity of 549 

the ridge. As the basaltic crust is thin and the damage volumes exceeds 100% already after one 550 

million year, indicating that connected fault network is formed very quickly, water should be 551 

able to penetrate pervasively from the seafloor towards the serpentinization front. The maximum 552 

serpentinization depth away from the thermal influence of the ridge axis should thus correspond 553 

to the lower limit of the seismic zone. However, in this case a substantial part of the damaged 554 

rock volume may represent hydrothermally altered gabbro that is not converted into serpentinite. 555 

The pervasive water infiltration leading to the alteration of the lithosphere within the thermal 556 

stability field of serpentine is consistent with the occurrence of an aseismic zone.  557 
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Seismic activity is more intense than expected. Indeed, the environment being warmer than 558 

the amagmatic segment would lead to weaker rock. As an aseismic zone is present similarly to 559 

the amagmatic context, leading to a similar profile, we would expect similar to lower seismic 560 

activity than for the amagmatic ridge type. This supplement of seismic activity could be the 561 

consequence of the magmatic activity. The intrusion of magmatic bodies and dykes could 562 

generate a supplementary source of stress coming from below and that consequently cannot be 563 

accommodated by the upper altered lithosphere. This stress would generate the supplementary 564 

seismicity. This would mean that some magmatic activity would favor fracturation and fluids 565 

circulation into the upper lithosphere. 566 

The volcanic ridge type (Figure 8c) is influenced by the proximity to a major volcanic 567 

center. Thermal gradients are the steepest of the three ridge types and magmatism becomes the 568 

dominant spreading mechanism. In a cross-section perpendicular to the ridge axis the seismic 569 

zone has an inversed V-shape (Figure 3d). Basalt intrusions into the lithosphere produce 570 

additional seismicity. Damage due to seismicity is distributed within the lithosphere above the 571 

BDTZ (Figure 4d). However, permeability generation by seismic damage is very limited. In 572 

addition, the thick magmatic crust prevents seawater to efficiently reach the underlying mantle. 573 

Serpentinization is thus limited to localized fault zones that cut through the thick crust and is 574 

expected to be most common away from the ridge axis once the lithosphere has cooled. 575 

However, significant hydrothermal activity has been identified associated with volcanic centers 576 

(Michael et al. 2003; Edmonds et al. 2003) and tremor activity attributed to enhanced 577 

hydrothermal activity has been recorded along the SWRUM segment (Meier and Schlindwein, 578 

2018), suggesting that water supply for serpentinization may also be promoted by other 579 

mechanisms than the ones considered in the present study. 580 
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 581 

Figure 8. Conceptual sketch for the evolution of fracturing and subsequent serpentinization with 582 

distance to the ridge for the different ultra-slow ridge types. a) The amagmatic ridge type shows 583 

corridors of preferential serpentinization. b) The magmatic ridge type shows extensive 584 

fracturing, allowing pervasive serpentinization. c) The volcanic ridge type shows limited 585 

earthquake-produced serpentinization. Isotherms have been determined at the ridge axis from the 586 

position of the brittle-ductile transition zone and assuming a linear gradient to the seafloor 587 

surface. The right side of the sub-figures shows the lithosphere after the ridge extension has 588 

brought it away from the ridge axis and the temperature does not limit the extent of 589 

serpentinization anymore. 590 
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5.5. Volume of serpentinization along mid-oceanic ridges 591 

Gutenberg-Richter b-values have a tendency to increase with ridge spreading rates (Bayrak 592 

et al., 2002) and the associated increase in magmatic activity. Along the Mid-Atlantic Ridge, 593 

classified as a slow ridge (spreading rates below 55 mm/yr), the magmatically active segment 594 

centers, have been reported to have higher b-values than the more tectonically active segment 595 

ends (Kong et al., 1992; Grevemeyer et al., 2013). The b-values of slow ridges segment centers 596 

are close to the b-values of our volcanic segment, while the b-values of slow ridges segment ends 597 

are closer to the b-values of our magmatic segment. The magmatic ridge segment we describe in 598 

this paper can be assimilated with the less tectonically active portions of the slow-ridges. Ultra-599 

slow and very-slow ridges (spreading rates below 20 mm/yr) represent around 20% of the world 600 

oceanic ridge system and produce around 5.5% of the seafloor, i.e., approximately 0.17 km
2
/yr 601 

(Solomon, 1989). Slow ridges represent another 40 % of the ridges and produce 26% of the 602 

seafloor, i.e., approximately 0.77 km
2
/yr. 603 

Assuming that the SWIR is representative for all ultra-slow and very-slow ridges, we can 604 

estimate a global rate of serpentinization and associated water consumption. Major volcanic 605 

centers along ultra-slow ridges are spaced between 100 and 200 km apart (Sauter and Cannat 606 

2010). A volcano’s influence on magmatic activity typically extends to a 60 km radius (Sauter et 607 

al. 2004) including both magmatic and volcanic ridge types. The SWRUM segment is 608 

approximately 90 km long. We assume that this length corresponds to the mean length of the 609 

volcanic ridge type and that volcanic centers are located 150 kilometers apart. Each 150 km long 610 

section is then composed of 90 km volcanic ridge type, 30 km of magmatic ridge type and 30 km 611 

of amagmatic ridge type. Asymmetric spreading associated with less magmatic portions of slow 612 

ridges has been reported for approximately half of the slow ridges length (Escartin et al., 2008). 613 

Thus, the magmatic ridge type would correspond to half the slow ridges length. 614 

We assume that serpentinization at the magmatic and amagmatic ridge types reaches ~13 km 615 

depth for the SWEAP segment, while the volcanic ridge type produces no serpentinization. 616 

Seismic reflection on another amagmatic segment of the SWIR, located close to the SWRUM 617 

segment showed that the seismic crust (including serpentinized mantle and gabbroic crust) is no 618 

more than 6 km thick (Momoh et al., 2017). There is thus a 7 km difference between the two 619 

estimates. This difference could be due to the environment of both experiments, the SWEAP 620 

segment being one of the slowest end-member of the ultra-slow spreading ridges while the 621 
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vicinity of the SWRUM segment has faster opening rates and likely slightly warmer regime 622 

leading to less deep serpentinization. In order to account for the fact that the SWEAP segment is 623 

in consequence not representative for most of the warmer ridges we make a compromise between 624 

our maximum serpentinization thickness and the one given by Momoh et al. (2017) by assuming 625 

that serpentinization reaches 9 km depth. This serpentinized layer comprises, in the case of the 626 

magmatic ridge type, an unknown proportion of gabbroic intrusions. Tucholke et al. (2008) 627 

modeled the changes in ridge spreading modes depending on the proportion of tectonic versus 628 

magmatic extension. The transition from an equivalent of our volcanic ridge type to an 629 

equivalent of our magmatic ridge type happens when the magmatism takes up less than 50% of 630 

the ridge spreading. This give us an estimate for the maximum fraction of gabbro (~50%) for the 631 

magmatic ridge type. We conservatively divide the serpentinized mantle thickness by two for the 632 

magmatic ridge type to take the content of gabbro into account. 633 

The estimated total volume affected by serpentinization (whatever the extent) each year is 634 

then 2.2 km
3
. Considering a linear gradient of serpentinization with depth we obtain a global 635 

serpentinization rate for ultra-slow to slow ridges of 1.1 km
3
/yr. This estimate is approximately 636 

five times the estimate made by Cannat et al. (2010). Abyssal peridotites contain 10-15 % H2O 637 

(Mével, 2003). Hence, our results indicate that earthquake-assisted serpentinization processes 638 

store 0.11 to 0.17 km
3
 of water per year along ultra-slow to slow ridges. A lower bound estimate 639 

can be obtained if we take into account that the volume we consider is aseismic, indicating a 640 

serpentinization of at least 10% of the total volume (Escartin et al., 2001). This leads to a 641 

serpentinization rate of 0.22 km
3
/yr. This estimate is of the same order as the one given by 642 

Cannat et al. (2010) and corresponds to a water volume of 0.02 to 0.03 km
3
/yr. 643 

6. Conclusions 644 

Three types of ultra-slow ridge sections: amagmatic, magmatic, and volcanic are associated 645 

with different thermal and tectonic regimes. Based on the recorded seismic activity, the damage 646 

volumes of rocks estimated for magmatic and amagmatic ridge types indicate that seismicity 647 

creates significant pathways for water to migrate as deep as the limit of stability of serpentine, 648 

implying that serpentinization can be sustained down to these depths. The occurrence of some 649 

magmatic activity seems to favor the creation of a fracture network and pervasive 650 

serpentinization, it however implies the presence of significant volumes of gabbroic intrusions in 651 
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the upper lithosphere. In the volcanic sections, the seismically-damaged volume is limited to a 652 

few percent due to a higher thermal gradient. This results in limited earthquake-related 653 

serpentinization in the proximity of volcanic centers. Along slow and ultra-slow ridges, we 654 

calculate that between 0.02 and 0.17 km
3
 per year of water is consumed and stored in 655 

serpentinized oceanic lithosphere. This value is up to five times higher than what has been 656 

previously estimated indicating that the water storage potential of the slow ridges and ultra-slow 657 

ridges may be higher than hitherto thought. 658 

Appendix A: Earthquake catalogue completeness magnitude Mc 659 

The maximum curvature (MAXC) method chooses 𝑀𝑐MAXC as the most frequent earthquake 660 

magnitude (Wyss et al., 1999). This method has a tendency to underestimate the magnitude of 661 

completeness, 𝑀𝑐.  662 

The Goodness-of-Fit Test (GFT) involves fitting the Gutenberg-Richter law by using 663 

different values of 𝑀𝑐 and keeping the one for which the fit is the best (𝑀𝑐GFT). The best fit is 664 

determined by maximizing a value 𝑅𝐺𝐹𝑇 (Wiemer & Wyss, 2000): 665 

𝑅𝐺𝐹𝑇(𝑎fit, 𝑏fit, 𝑀𝑐var) = 1 −
∑ |𝑛(𝑀(𝑖))−10𝑎fit−𝑏fit𝑀(𝑖)|𝑁
𝑖=𝑖𝑀𝑐var

∑ 𝑛(𝑀(𝑖))𝑁
𝑖=1

,  (A.1) 666 

where𝑖𝑀𝑐var
 is the index associated with the varying magnitude of completeness, 𝑀𝑐var, in 667 

the earthquakes cumulative distribution. 𝑎fit and 𝑏fit are the Gutenberg-Richter parameters 668 

obtained by fitting the earthquake cumulative distribution between 𝑀𝑐var and the maximum 669 

recorded magnitude. If there are several maxima of 𝑅𝐺𝐹𝑇, the one at smallest magnitude is used 670 

to determine 𝑀𝑐GFT. 671 

Estimating 𝑀𝑐 by b-value stability (MBS) involves plotting b-values obtained by varying 𝑀𝑐 672 

and keeping 𝑀𝑐MBS as the smallest 𝑀𝑐 for which the b-values reach a plateau (Woessner & 673 

Wiemer, 2005). b is calculated based on the varying 𝑀𝑐var, the mean magnitude of events of 674 

magnitude larger than 𝑀𝑐var (〈𝑀〉), and the bin size used for the distribution (∆𝑀) (Marzocchi & 675 

Sandri, 2003) taken as 0.1 for our data. 676 

𝑏calc(𝑀𝑐var) =
log10(exp(1))

〈𝑀〉−(𝑀𝑐var−∆𝑀 2⁄ )
   (A.2) 677 

To identify when 𝑏calc-values reach a plateau in a 𝑀𝑐var vs𝑏calc plot we use the b-value 678 

uncertainty (𝛿𝑏) proposed by Shi and Bolt (1982): 679 
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𝛿𝑏 = 2.3𝑏calc
2√

∑ (𝑀𝑖−〈𝑀〉tot)
2𝑛tot

𝑖=1

𝑛tot∙(𝑛tot−1)
   (A.3) 680 

In this equation, the magnitude of individual events, 𝑀𝑖, as well as the mean magnitude of 681 

all earthquakes, 〈𝑀〉tot, are used. 𝑛tot is the total number of events. The plateau is reached if the 682 

variations of 𝑏calc over a certain number of values (k) stay smaller than the criterion 𝛿𝑏: 683 

Δ𝑏 = |𝑏ave − 𝑏calc| ≤ 𝛿𝑏   (A.4) 684 

with 𝑏ave =
∑ 𝑏calc(𝑀𝑐var+∆𝑀∙𝑖)𝑘
𝑖=0

𝑘+1
 685 

The derived 𝑏ave is the average 𝑏calc-value calculated over (k+1) values (Woessner & 686 

Wiemer, 2005). Our datasets span a limited range of magnitudes leading to quite short plateaus 687 

(when possible to identify). Hence, we used a value k=3, smaller than the value of 5 688 

recommended by Woessner & Wiemer (2005). This method has a tendency to give higher 689 

(conservative) values of 𝑀𝑐 than the two other methods. 690 

Appendix B: Earthquake catalogue cut-off magnitude Mco 691 

The method to estimate the 𝑀𝑐𝑜drop is based on the fact that points from the cumulative 692 

distribution should be binned with a regular spacing in semi-logarithmic space and follow a 693 

linear trend (the Gutenberg-Richter law). The magnitude 𝑀𝑐𝑜drop is estimated as the magnitude 694 

above which a significant decrease in the number of earthquakes recorded happens. We first 695 

calculate the list of differences between two consecutive magnitudes from the logarithm of the 696 

cumulative distribution. From this list, we extract its median and standard deviation only using 697 

differences obtained for magnitudes above the previously estimated 𝑀𝑐. The use of the median 698 

over the mean is best to avoid the influence of the points with a large difference as these are the 699 

ones we want to exclude. 𝑀𝑐𝑜drop is determined as the highest magnitude beyond which the 700 

difference between two consecutive magnitudes in the cumulative distribution exceeds the 701 

median value plus the standard deviation. 702 

The estimation of 𝑀𝑐𝑜MBS follows a method similar to the estimate of 𝑀𝑐MBS but relying on 703 

a b-value obtained from a regression (𝑏reg) instead of a calculation (𝑏calc;A.2). For decreasing 704 

𝑀𝑐𝑜, 𝑎reg and 𝑏reg are obtained from a linear regression on the logarithm of the earthquakes 705 

cumulative distribution between previously estimated 𝑀𝑐 and varying 𝑀𝑐𝑜var. 𝑀𝑐𝑜MBS is 706 

estimated as the largest magnitude for which 𝑏reg (and 𝑎reg) reaches a plateau. To identify the 707 
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plateau, a value 𝑏ave is calculated as the average of 𝑏reg obtained for a certain number (k) of 708 

values of 𝑀𝑐𝑜var. The plateau is reached if the difference (Δ𝑏) between 𝑏reg and 𝑏ave is smaller 709 

than the standard deviation of the 𝑏reg values used to calculate 𝑏ave: 710 

Δ𝑏 = |𝑏ave − 𝑏calc| ≤ 𝛿𝑏 (B.1) 711 

with 𝑏ave =
∑ 𝑏reg(𝑀𝑐𝑜var−∆𝑀∙𝑖)𝑘
𝑖=0

𝑘+1
 and 𝛿𝑏 = std(𝑏reg(𝑀𝑐𝑜var − ∆𝑀 ∙ 𝑖), 𝑖 = 0to𝑘) 712 

∆𝑀 is the bin size used for the distribution. In this study we used k=4. 713 
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