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Key Points:4

• The first in situ elastic tensor for shallow oceanic lithosphere is estimated, incorporating compres-5

sional and shear anisotropy constraints6

• Comparing anisotropy to laboratory samples indicates that shear strain of 300–400% was accumu-7

lated during mid-ocean ridge spreading8

• D-type olivine fabric implies near-ridge deformation dominated by grain-size sensitive dislocation-9

accommodated grain boundary sliding10

Abstract11
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Seismic anisotropy produced by aligned olivine in oceanic lithosphere offers a window into mid-12

ocean ridge dynamics and the state of Earth’s upper mantle. Yet, interpreting anisotropy in the13

context of grain-scale deformation processes observed in laboratory and natural olivine samples has14

proven challenging due to the vast length scale differences. We bridge this observational gap by esti-15

mating the first in situ elastic tensor of oceanic lithosphere using compressional- and shear-wavespeed16

anisotropy observations, with fast azimuth parallel to the fossil-spreading direction. This observation17

is compared with a database of 123 petrofabrics from the literature to infer olivine crystallographic18

orientations and shear strain accumulated within the lithosphere. Findings indicate D-type olivine19

lattice-preferred orientation (LPO) with girdled [010] and [001] crystallographic axes and strain accu-20

mulation of 300–400%, challenging the prevailing assumption of A-type LPO. This LPO is consistent21

with olivine deformation during seafloor spreading via grain-size sensitive dislocation-accommodated22

grain boundary sliding (disGBS), rather than grain-size insensitive dislocation creep. Such defor-23

mation implies in situ grain sizes of 0.3–15 mm, smaller on average than steady-state predictions24

for pure olivine from laboratory calibrations, which may be attributed to grain-boundary pinning25

by secondary phases or an underestimate of the importance of disGBS by standard flow laws. This26

work demonstrates the ability to integrate laboratory- with seismological-scale observations of seis-27

mic anisotropy and provides new constraints on in situ grain size and associated rheology during28

near-ridge mantle deformation.29

Plain Language Summary

Earth’s upper mantle is composed primarily of the mineral olivine, which responds to shear30

deformation by organizing with its seismically fast axis parallel to the deformation direction.31

During mid-ocean ridge spreading, olivine crystals that align parallel to spreading freeze into32

the lithosphere preserving the near-ridge deformation history. The resulting rock fabric is33

observed in place via the directional dependence of seismic waves (seismic anisotropy) as well34

as in hand-sample rocks collected from the field. However, interpreting in situ observations of35

seismic anisotropy in the context of laboratory and field data remains a challenge, due to large36

differences in length scale and incomplete seismic constraints. Here, we bridge this observa-37

tional gap by solving for the complete anisotropic structure of ∼70 Ma oceanic lithosphere by38

incorporating multiple data types. Our model is compared to laboratory data in order to infer39

the magnitude of shear strain and style of olivine deformation during mid-ocean ridge spread-40

ing. Our results indicate large shear strains of 300–400% and an alternative olivine fabric style41
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to that typically assumed, implying deformation by sliding along individual grain boundaries42

in addition to dislocation within grains. This has new implications for the formation and43

evolution of oceanic plates and mid-ocean ridge dynamics.44

1 Introduction45

Observations of seismic anisotropy in the ocean basins provide unparalleled insight into Earth’s mantle46

circulation patterns, including the plate-tectonic process of seafloor spreading (Forsyth, 1975, Gaherty47

et al., 2004, Hess, 1964, Lin et al., 2016, Mark et al., 2019, Montagner and Tanimoto, 1991, Nishimura48

and Forsyth, 1989, Takeo et al., 2018, Toomey et al., 2007). Based on olivine lattice-preferred orientation49

(LPO) observed in peridotites sampled from ophiolites and oceanic settings (Ben-Ismail and Mainprice,50

1998, Michibayashi et al., 2006, Peselnick and Nicolas, 1978, Skemer et al., 2010, Warren et al., 2008)51

and in deformation experiments on olivine (Bystricky et al., 2000, Zhang and Karato, 1995, Zhang et al.,52

2000), upper-mantle anisotropy has historically been interpreted as evidence that deformation associated53

with mantle convection and plate tectonics occurs via dislocation creep in an olivine-rich upper mantle54

(Karato and Wu, 1993). This inference in turn constrains key physical parameters such as grain size,55

and more generally, the rheology of the upper mantle (Hirth and Kohlstedt , 2003).56

Subsequent advances in laboratory deformation experiments on olivine have complicated this inter-57

pretation, however, illuminating several olivine slip systems and associated LPO fabric types that may58

depend on mantle conditions such as stress, volatile content, and partial melting (Bystricky et al., 2000,59

Jung and Karato, 2001, Jung et al., 2006, Katayama et al., 2004, Qi et al., 2018). The three most com-60

monly observed types of olivine LPO in experiments and natural settings are A-, E-, and D-type, each61

with their fast [100] crystallographic axis oriented sub-parallel to the shear direction but with variable62

orientations of the slow [010] and intermediate [001] axes (Figure 1). Due to incomplete in situ shear63

and compressional constraints, it has not been possible to distinguish between these three fabric types in64

oceanic lithosphere using traditional seismological observations, leading to renewed ambiguity on physical65

state and deformation processes during seafloor spreading (Karato et al., 2008).66

Here, we combine a unique high-resolution estimate of seismic anisotropy in Pacific lithosphere with a67

database of 123 olivine petrofabrics reported in the literature from experimentally and naturally deformed68

rocks to directly constrain olivine LPO type and associated deformation mechanism and to quantify69
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shear strain associated with seafloor spreading. The new seismic model, NoMelt SPani, combines a70

co-located set of compressional and shear anisotropy observations in the central Pacific (Mark et al.,71

2019, Russell et al., 2019), resulting in an exceptionally complete estimate of peridotite elasticity in the72

oceanic lithosphere. The collection of laboratory and field petrofabric observations provide a framework73

for quantitative interpretation of the in situ elasticity tensor in terms of degree of strain, composition,74

LPO type, and deformation mechanism.75

2 Data76

2.1 Seismic observations at the NoMelt experiment77

The NoMelt geophysical experiment in the central Pacific provided unique co-located compressional- and78

shear-wave constraints (VP and VS, respectively) on in situ lithosphere petrofabric over a 600×400 km79

footprint with average seafloor age of ∼70 Ma. It comprised a refraction survey that constrained VPH80

and its azimuthal anisotropy in the upper ∼7 km of the mantle (Mark et al., 2019) and a broadband81

OBS deployment that resolved the complete VS structure via observations of both Rayleigh-wave (Lin82

et al., 2016) and Love-wave azimuthal anisotropy (Russell et al., 2019) in the upper 40 km of the litho-83

sphere. Together, these independent compressional and shear observations of seismic anisotropy probe84

the complete elastic tensor of oceanic lithosphere.85

2.2 Olivine fabric database86

We have compiled a database of the elastic properties of 123 published olivine fabrics that includes87

91 olivine samples deformed in the laboratory by direct shear (Jung and Karato, 2001, Jung et al.,88

2006, Katayama et al., 2004, Zhang and Karato, 1995) and high-strain torsion (Bystricky et al., 2000,89

Hansen et al., 2014, 2016) experiments, as well as 31 natural peridotite samples from diverse settings90

including ophiolites (Ben-Ismail and Mainprice, 1998, Michibayashi et al., 2006, Peselnick and Nicolas,91

1978, Skemer et al., 2010, Warren et al., 2008), volcanic arcs (Mehl et al., 2003), and xenoliths and92

kimberlites from continental cratons (Ben-Ismail et al., 2001, Satsukawa et al., 2010). Of these samples,93

42 (31 natural and 11 laboratory) have had LPO identified by the authors based on the orientations of their94

crystallographic axes: 12 have been identified as A-type, 6 E-type, and 24 D-type. The methods employed95

by previous authors to calculate bulk seismic properties from individual crystallographic orientations96
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generally follow a similar procedure and (1) nearly ubiquitously assume samples are composed of 100%97

olivine and (2) use the single-crystal olivine tensor of Abramson et al. (1997). For one harzburgite sample98

from the Oman ophiolite, the seismic properties were measured directly using ultrasonics, and therefore,99

contributions from other phases are inherently included (Peselnick and Nicolas, 1978). The temperature100

and pressure conditions at which the elastic calculations are carried out can vary slightly among studies101

but has negligible effect on seismic anisotropy (Ben-Ismail and Mainprice, 1998).102

For all samples considered, the orientation of the elastic tensor with respect to the shear plane and103

shear direction were determined. Upon comparing to the seismic model, all samples in the database were104

oriented in the seismic reference frame: shear plane parallel to the X-Y plane defined by Earth’s surface105

and shear direction parallel to the X-axis defined by the fossil-spreading direction (FSD). The Z-axis is106

oriented perpendicular to Earth’s surface (i.e., perpendicular to the shear plane).107

Estimates of shear strain associated with deformation are routinely measured for laboratory samples108

and range from undeformed (γ ∼ 0) to γ ∼ 18.7 in our dataset, but such estimates are rarely available for109

natural rocks. One exception is the Josephine shear zone in southwestern Oregon (Hansen and Warren,110

2015, Warren et al., 2008), which has pre-existing foliations that provide passive strain markers that111

imply highly strained peridotites up to γ ∼ 20 (Skemer et al., 2010).112

3 Methods113

3.1 Surface-wave inversion with Pn constraints114

We invert previously measured Rayleigh- and Love-wave phase velocity for the shear and compressional115

velocities and anisotropy beneath the NoMelt array to 400 km depth as in Russell et al. (2019) but only116

focus here on the upper ∼7 km of the mantle, for which both P and S constraints exist. Previously117

measured anisotropic Rayleigh- (5–150 s) and Love-wave (5–7.5 s) phase velocities from Russell et al.118

(2019) are inverted, while simultaneously satisfying VP constraints in the upper ∼7 km of the mantle119

from Mark et al. (2019) (“Weighted data, with gradients” in their Table 1). The inversion is carried out120

in two steps following Russell et al. (2019): (1) Rayleigh and Love phase velocity dispersion are inverted121

for seismic velocities VSV =
√
L/ρ, VSH =

√
N/ρ, VPV =

√
C/ρ, and VPH =

√
A/ρ with η = F/(A− 2L)122

fixed to PREM values (Dziewonski and Anderson, 1981) and VPH in the upper 7 km of the mantle123

fixed to values from Mark et al. (2019). VPV is scaled such that φ−1 = (VPH/VPV)2 remains equal to124
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ξ = (VSH/VSV)2. (2) The observed magnitude of azimuthal anisotropy and fast direction of Rayleigh125

and Love waves are inverted to determine the depth-dependent magnitude and direction of azimuthal126

anisotropy elastic parameters G/L, B/A, H/F , and E/N (see Russell et al. (2019) Appendix). The 2θ127

and 4θ dependence of Pn provides independent constraints on the magnitude and azimuth of B and E,128

respectively via129

ρVPn(θ)2 = A+Bc cos(2θ) +Bs sin(2θ) + Ec cos(4θ) + Es sin(4θ) (1)

and enters the surface-wave inversion simply as prior constraints on B and E. Below ∼7 km beneath130

the Moho, at which Pn constraints terminate, and for the parameter H, we follow the general scaling131

approach described in Russell et al. (2019), whereby B and H scale directly with G. For this study, the132

direct B and G constraints in the upper 7 km suggest an empirical B/G scaling of ∼1.5 that is applied133

throughout the model. Additionally, an H/G scaling of -0.11 is applied based on ophiolite samples134

(Ben-Ismail and Mainprice, 1998, Peselnick and Nicolas, 1978).135

3.2 Constructing the orthorhombic elastic tensor136

A general elastic tensor is described by 21 independent elastic parameters. This tensor is simplified to137

only 9 parameters (A, C, F , L, N , G, B, H, E) if orthorhombic symmetry is assumed and the three138

orthogonal crystallographic axes ([100], [010], [001]) are oriented along the principal directions (i.e., in139

the principal coordinate system). In this configuration, any crystallographic axis may be oriented along140

any of the three principal directions. This requirement is relaxed for the two horizontal directions in141

order to allow for arbitrary orientations of azimuthal anisotropy in the horizontal plane, resulting in an142

elastic tensor with 13 parameters (Montagner and Nataf , 1986). As one axis is assumed to be vertical143

(a requirement given that surface waves are horizontally propagating), dipping fabrics are not explicitly144
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resolvable. The symmetric elastic tensor is given by145

Cij =



A+Bc + Ec A− 2N − Ec F +Hc 0 0 1
2Bs + Es

· A−Bc + Ec F −Hc 0 0 1
2Bs − Es

· · C 0 0 Hs

· · · L−Gc Gs 0

· · · · L+Gc 0

· · · · · N − Ec



. (2)

Although we solve for all 13 parameters of the tensor in the upper 7 km of the mantle, only 9 are146

independently determined by our observations (L, N , A, Gc,s, Bc,s, Ec,s). The remaining four terms that147

require scaling assumptions (C, F , Hc,s) do not contribute to the quantitative comparisons between the148

in situ tensor and the natural and laboratory petrofabrics.149

3.3 Accounting for pyroxene in anisotropy calculations150

Secondary phases in addition to olivine in a given sample act to reduce the bulk strength of seismic151

anisotropy (Bernard et al., 2021), yet most values reported for laboratory and natural petrofabrics only152

consider aggregates of pure olivine. In order to directly compare these samples against our in situ153

estimate, which inherently includes bulk chemistry, we approximate the influence of secondary phases on154

seismic anisotropy following Hansen et al. (2014). Mineral physics calculations using the tool Perple X155

(Connolly , 2009) suggest the shallow lithospheric mantle is comprised of ∼60 vol.% olivine assuming an156

upper mantle composition consistent with standard depleted mid-ocean ridge basalt (MORB) mantle157

composition (Hacker , 2008) and a half-space cooling temperature profile for 70 Ma (Figure S1). Invoking158

the simplifying assumption that the remaining 40% by volume can be approximated by orthopyroxene, a159

composite elastic tensor is constructed for each sample by taking the Voigt average between the olivine160

tensor and an orthopyroxene texture from Hansen et al. (2014) (Figure S2). This assumption acts to161
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reduce the overall strength of the fabric without having a large effect on the fast propagation azimuth162

(Bernard et al., 2021).163

For samples in which reported anisotropy strengths were used instead of calculated from an elastic164

tensor, an empirical scaling was applied to account for the effect of pyroxene. Considering only well-165

developed fabrics with γ > 2 from the laboratory data of Hansen et al. (2014, 2016), fabric strength was166

calculated with orthopyroxene content ranging from 0% to 100% by volume for each sample and was fit167

with a linear function (Figure S3). The relationship between pyroxene content and reduction of anisotropy168

magnitude is nearly -1:1 and provides a straightforward method for scaling anisotropy magnitude.169

4 Results170

4.1 A comprehensive elastic model of oceanic lithosphere171

Previously measured high-frequency ambient-noise Rayleigh- and Love-wave phase velocities were inverted172

incorporating co-located Pn constraints for the complete elastic structure at NoMelt. The resulting model,173

NoMelt SPani, is shown in Figure 2, and here we focus on the upper ∼7 km beneath the Moho for which174

P- and S-constraints coincide. Azimuthal anisotropy increases with depth beneath the Moho for both G175

(VSV) and B (VPH), but remains relatively constant for E (VSH), largely due to the lack of Love-wave176

depth sensitivity (Russell et al., 2019). Anisotropy fast azimuths ΨG and ΨB are sub-parallel to the fossil-177

spreading direction (FSD), and ΨE is rotated by 45◦, as predicted for orthorhombic olivine (Montagner178

and Nataf , 1986). In detail, while ΨG and ΨB are each consistent with FSD within error, they differ from179

one another by 5–10◦. This subtle mismatch is likely attributed to the different depth sensitivities of Pn180

and surface waves: the refraction imaging is primarily sensitive to the shallowest ∼7 km of the mantle,181

while the surface waves integrate across the upper ∼20 km.182

From the 13 elastic parameters, we construct the equivalent orthorhombic elastic tensor at each depth183

and average the upper 7 km to produce a single representative elastic tensor, NoMelt SPani7, given in184

Table 1. The tensor has been rotated into the seismic reference frame such that X is parallel to the185

FSD, Y is perpendicular to the FSD and parallel to Earth’s surface, and Z is perpendicular to Earth’s186

surface. The VP pole figure shown in Figure 2c indirectly expresses the relative orientations of the187

three crystallographic axes. The well-defined maximum parallel to the FSD indicates a sub-horizontal,188

clustered [100] fast axis. The girdled slow and intermediate directions indicate dispersed [010] and [001]189
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axes perpendicular to the inferred shear direction, characteristic of D-type olivine fabric (Figure 1b).190

4.2 Strain accumulation in the shallow lithosphere191

Olivine LPO strength, and in turn the magnitude of seismic anisotropy, increases with shear strain192

(Hansen et al., 2014, 2016). The NoMelt model provides four independent estimates of the magnitude193

of seismic anisotropy and three independent estimates of anisotropic directions that can be directly194

compared to olivine LPO formed as a function of strain (Figure 3). We compare NoMelt SPani7 to195

samples deformed in laboratory torsion experiments (Hansen et al., 2014, 2016) as well as to samples196

deformed naturally in a shear zone in the Josephine Peridotite (Hansen and Warren, 2015, Warren et al.,197

2008), for which strain has been determined.198

When 100% olivine is assumed, the high strains required to match the orientation of fast directions199

in Figure 3f–h correspond to magnitudes of anisotropy in Figure 3a–d that are approximately twice that200

which we observe. As the NoMelt model represents harzburgitic oceanic lithosphere, it is not surprising201

that a direct comparison to pure olivine fabrics fails to find a range of shear strains compatible with202

the seismic model. Incorporating the effect of composition on the sample fabrics by accounting for the203

presence of pyroxene helps resolve this discrepancy. For each sample, we approximate the contributions204

from pyroxene by combining each pure olivine elastic tensor with the tensor for an appropriately oriented205

orthopyroxene texture following Hansen et al. (2014) as described in Section 3.3. We assume a nominal206

harzburgite composition of 60% olivine and 40% orthopyroxene by volume, which represents the lower207

bound of olivine content in abyssal peridotites observed globally (Warren, 2016). For the natural samples208

from Hansen and Warren (2015), dunite samples are used for the 100% olivine case, while harzburgite209

samples with 40% orthopyroxene added are used for the 60% olivine case. This composition is also210

consistent with the average lithospheric VP and VS in the NoMelt model, as compared to Perple X211

calculations (Connolly , 2009) for a typical depleted mid-ocean ridge basalt (Figure S1). Compared212

to the pure olivine estimates, the mixture systematically decreases the strength of anisotropy due to213

orthopyroxene’s weaker single-crystal anisotropy and LPO compared to olivine, while fast azimuths are214

largely unaffected, consistent with the recent findings of Bernard et al. (2021), who investigate a large215

suite of upper mantle xenoliths.216

The overall agreement between NoMelt anisotropy and the laboratory torsion data for 60% olivine217

is remarkable given the vast difference in length scale of the measurements (∼9 orders of magnitude218
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assuming a seismic wavelength on the order of ∼100 km and laboratory LPO texture measurements219

of ∼100 µm). The magnitude of anisotropy at NoMelt is consistent with laboratory samples for shear220

strains ranging from 2 to 4, and the orientation of fast directions is consistent with γ > 3. We therefore221

infer that this portion of the upper mantle was subject to shear strains ranging from 3 to 4, which is222

on the upper end of that expected at shallow depths during seafloor spreading (Tommasi , 1998). The223

angle between the fast VP axis and inferred shear plane is small (. 10◦) for γ > 1.5 (Figure 3e), implying224

a sub-horizontal concentration of [100] crystallographic axes, in agreement with previous work (Skemer225

et al., 2012). This observation suggests a horizontal fabric at NoMelt, though we are unable to directly226

constrain fabric dip with our dataset that consists only of horizontally propagating waves.227

The strain evolution of natural samples is more scattered and exhibits clear differences from the228

experimental samples. For a given strain and olivine content, the magnitude of anisotropy of the natural229

fabrics is consistently weaker. This is perhaps unsurprising given the differences in scale between natural230

shear zones, such as at the Josephine ophiolite, and laboratory torsion experiments. In addition, the231

anisotropy fast directions of the natural samples fail to consistently rotate into the shear direction with232

increasing strain, remaining misaligned by ∼25◦ at γ = 5.25 (Figure 3f–h). The relatively weak and233

misaligned anisotropy of the highly strained Josephine samples is likely attributed to the presence of a234

pre-existing LPO prior to shear zone development, which prolongs fabric development and misalignment235

of [100] with respect to the shear direction (Skemer et al., 2012, Warren et al., 2008). Uncertainties236

associated with measuring orientations in the field and preparing oriented samples for electron backscatter237

diffraction (EBSD) measurements in the lab may also contribute to scatter. That NoMelt anisotropy is238

stronger than even the most highly strained natural sample (γ = 5.25) with 60% olivine, highlights the239

remarkably coherent LPO in the lithosphere across the 600×400 km NoMelt footprint (Russell et al.,240

2019). In addition, it suggests that any pre-existing vertical LPO associated with upwelling at the ridge241

was likely weak in comparison to that imposed after corner flow and therefore overprinted.242

Strain evolution of LPO from D-type at intermediate strains to A-type at high strains was previously243

identified by Hansen et al. (2014). This LPO evolution is reflected in the average VP surfaces shown above244

Figure 3a. The inferred shear strain at NoMelt of 3–4 based on strength and direction of anisotropy in245

comparison to laboratory samples corresponds to fabrics with girdled slow and intermediate VP directions246

on average, consistent with D-type LPO.247
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4.3 Inferring LPO fabric type248

We further investigate LPO fabric type by comparing the relative magnitudes of azimuthal and radial249

anisotropy, which provides a discriminant of LPO type if the orientation of the sample with respect to the250

shear plane is known (Karato, 2008, Karato et al., 2008) (Figure 1). The idea is similar to the more general251

Flinn diagram method of Michibayashi et al. (2016) based on ratios of VP along different crystallographic252

directions and was recently proposed as a way to distinguish intrinsic LPO from extrinsic anisotropy253

mechanisms such as compositional layering or oriented melt pockets (Hansen et al., 2021). In Figure 4,254

we compare the strength of NoMelt anisotropy with that calculated for A-, D-, and E-type olivine fabrics255

from both natural settings (Ben-Ismail and Mainprice, 1998, Ben-Ismail et al., 2001, Karato, 2008, Mehl256

et al., 2003, Michibayashi et al., 2006, Peselnick and Nicolas, 1978, Satsukawa et al., 2010, Skemer et al.,257

2010, Warren et al., 2008) and laboratory deformation experiments (Bystricky et al., 2000, Jung and258

Karato, 2001, Jung et al., 2006, Katayama et al., 2004, Zhang et al., 2000). For most samples, the LPO259

type was characterized by the original authors.260

To first order, samples with A-type LPO tend to exhibit strong radial anisotropy relative to azimuthal,261

whereas the opposite is true for E-type. NoMelt displays moderate radial and azimuthal anisotropy most262

similar to the samples with D-type LPO. This result holds regardless of the olivine content assumed263

(Figure S4), though we find that a composition of 75% olivine and 25% orthopyroxene provides the best264

overall fit to the seismic observations. As the D-type LPO data in Figure 4 represent mostly natural265

samples, the higher olivine content required to match the seismic model is consistent with Figure 3,266

which showed that natural samples underestimate the magnitude of anisotropy for 60% olivine and 40%267

orthopyroxene. The true pyroxene content of the Josephine harzburgites ranges 12.8–35.1% (Hansen268

and Warren, 2015), and accounting for this fact would bring the natural samples closer to the NoMelt269

observations of B/A, G/L, and E/N in Figure 3. A harzburgite composition with 75% olivine is also270

consistent with abyssal peridotites from fast-spreading MORs, which tend to have higher olivine content271

(70–95%) compared to slow-spreading MORs (Dick and Natland , 1996, Niu and Hékinian, 1997, Warren,272

2016). If lower pyroxene content is assumed, the relationship in Figure 3a–d would indicate a moderately273

lower magnitude of strain at NoMelt that is inconsistent with the higher strains implied by the anisotropy274

fast orientations parallel to the shear direction Figure 3f–h.275

Scatter among samples of the same fabric type in Figure 4 is likely attributed to differences in shear276

strain, with low strain samples exhibiting weaker anisotropy, as demonstrated in Figure 3a–d. At lower277
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shear strains (and in the presence of a pre-existing LPO) dip of [100] with respect to the shear plane is278

common (Skemer et al., 2012) (Figure 3e), resulting in weaker radial and azimuthal anisotropy. Therefore,279

dipping fabrics in Figure 4 will tend to skew towards the origin, which does not change the overall280

inference of D-type LPO (Figure S5). In other cases, scatter may be attributed to samples that straddle281

the boundary between two LPO types, such as the peridotite averages of Ben-Ismail and Mainprice282

(1998), which are composed of both A-type and D-type samples.283

5 Discussion284

5.1 D-type LPO and implications for creep mechanism285

The relative strengths of radial and azimuthal anisotropy (Figure 4), as well as the range of inferred strain286

(Figure 3a) are consistent with D-type LPO at NoMelt. Although A-type LPO is typically considered287

most prevalent in the upper mantle, D-type is also commonly observed in nature; yet, the conditions288

under which they form are still debated. D-type LPO has been produced in laboratory experiments on289

fine-grained olivine aggregates deformed under dry, high-stress conditions (Bystricky et al., 2000, Carter290

and Ave’Lallemant , 1970, Jung et al., 2006), but such stresses are unlikely to be present during ridge291

corner flow or in the asthenosphere.292

Girdled D-type LPO has been modeled by relaxing the von Mises strain compatibility criteria (Tom-293

masi et al., 2000), possibly facilitated by grain-boundary sliding processes (Warren et al., 2008). There is294

increasing evidence that D-type LPO forms under a range of natural conditions through grain-size sensi-295

tive dislocation-accommodated grain boundary sliding (disGBS). In ophiolites, A- and D-type LPO have296

been observed in course-grained dunites and finer-grained harzburgites, respectively, suggesting pyroxene297

may play a role in D-type LPO formation by limiting olivine grain size and promoting deformation by298

disGBS (Braun, 2004, Warren et al., 2008). Indeed, contributions from pyroxene are important for recon-299

ciling the NoMelt observation with laboratory data. Recalibrated olivine flow laws suggest that disGBS300

may be active at a range of stresses and grain sizes that are appropriate for upper-mantle deformation301

(Hansen et al., 2011). MOR geodynamic modeling that incorporates grain-size evolution and mixed302

deformation processes (diffusion creep, dislocation creep, and disGBS) suggest that shallow, near-ridge303

deformation is dominated by disGBS (Turner et al., 2015).304
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5.2 In situ grain size and stress305

We interpret D-type LPO in the upper ∼7 km of mantle as observational evidence for deformation domi-306

nated by grain-size sensitive disGBS, rather than grain-size insensitive dislocation creep. The implications307

for in situ grain size are evaluated using olivine flow laws. A deformation mechanism map is presented308

in Figure 5a for reasonable sub-Moho conditions at the MOR (T = 1250◦C, P = 360 MPa) and olivine309

flow law parameters from Hansen et al. (2011) (Table S3). Assuming tectonic strain rates of 10−14.5–310

10−12.5 s−1 for disGBS implies in situ grain sizes of 0.3–15 mm and relatively low stress (0.2–1.4 MPa),311

broadly consistent with recent geodynamic modeling (Turner et al., 2015, 2017). These inferred low312

stresses are at odds with the notion that D-type LPO forms only at high stress (Jung et al., 2006, Karato313

et al., 2008), an idea resulting from laboratory experiments at small grain sizes deformed under high314

strain rates unrepresentative of mantle conditions.315

The grain sizes inferred from conditions where disGBS is predicted to be the dominant deformation316

mechanism (Figure 5a) are slightly smaller on average than the steady-state predictions of ∼5–50 mm317

from the laboratory-calibrated grain-size piezometer (Hirth and Kohlstedt , 2015, Karato et al., 1980) and318

wattmeter (Austin and Evans, 2007) (see Appendix A for details of wattmeter calculation). However, by319

considering the uncertainty in the flow law parameters (see Appendix B for details), scenarios in which320

the disGBS field expands to larger grain sizes coinciding with the piezometer and wattmeter predictions321

at mantle conditions are possible while still satisfying the laboratory data (Figure 5b). This analysis322

indicates that the nominal olivine flow law of Hansen et al. (2011) may underpredict the contribution of323

disGBS at mantle conditions.324

Our observation of D-type LPO and inference of disGBS at shallow mantle conditions has implications325

for the acceptable range of flow law parameters. For example, while the deformation mechanism map326

in Figure 5c satisfies laboratory data (within uncertainty), the disGBS field vanishes for MOR strain327

rates and is inconsistent with our observation. A grid search over possible flow law parameters reveals328

a preference for smaller disGBS stress and grain-size exponents nGBS and mGBS, respectively, relative329

to their nominal reference values (Table S3) and/or a larger dislocation creep stress exponent nDISL330

(Figure B1; see Appendix B for details). Alternatively, it is possible that the nominal flow law parameter331

values are valid but mantle grain sizes are smaller than predicted by the wattmeter and/or piezometer due332

to grain-boundary pinning in the presence of secondary phases such as pyroxene, which is not captured333

by experiments on pure olivine, a caveat that warrants future exploration.334
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5.3 Implications for mid-ocean ridge deformation335

The strong correspondence between observed anisotropic fast directions and the direction of fossil seafloor336

spreading at NoMelt implies that the in situ elastic tensor represents mantle deformed by corner flow337

during spreading. Our observations implying shallow deformation via grain-size sensitive disGBS with338

high strain accumulation (γ = 3–4) and sub-horizontal [100] orientations will inform new geodynamic339

modeling efforts of MOR dynamics and associated fabric development. Models that assume purely340

dislocation creep often contain relatively weak anisotropy in the shallow lithosphere with a dipping [100]341

orientation and A-type LPO (Blackman et al., 1996, 2017), in contrast to what we infer at NoMelt.342

Girdled fabrics have been previously produced in viscoplastic self-consistent models (Tommasi et al.,343

2000), but generally such alternative LPO types are not explored in geodynamic models. Our result that344

D-type LPO prevails in the shallow lithosphere provides a new target for future geodynamic models.345

Deformation via disGBS implies a complex non-Newtonian and grain-size dependent rheology that346

impacts solid-state convection streamlines, melt extraction, and thermal and rheological evolution of the347

lithosphere and asthenosphere (Turner et al., 2017). Grain size, in particular, has been shown to play348

an important role in melt focusing near MORs through alteration of the viscosity structure resulting in349

gradients in compaction pressure (Turner et al., 2015, 2017). Smaller grain sizes in the shallow mantle,350

such as those we infer, imply decreased porosity and permeability that act as a permeability barrier351

along which melt may be focused towards the ridge axis. Although we infer deformation dominated by352

disGBS only in the shallow lithospheric mantle, significantly shallower than where melt is stable off-axis,353

geodynamic models that include non-Newtonian viscosities predict that disGBS also dominates in the354

shallow asthenospheric mantle (Turner et al., 2015).355

5.4 Limitations and future directions356

While this study provides one of the most complete in situ elastic models of oceanic lithosphere to357

date, our approach has limitations. First, we are unable to explicitly solve for fabric dip because only358

horizontally propagating waves are used. Theoretically, it is possible to utilize P- and S-waves with359

intermediate incidence angles to constrain fabric dip via the zero-valued off-diagonal elements of eq (2).360

In practice however, this is extremely challenging and would require earthquake observations from a361

range of epicentral distances with excellent back-azimuthal coverage to sufficiently sample a wide range362
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of incidence angles. Ideally, this would be combined with our surface-wave approach in a joint inversion363

framework. Our use of laboratory data to indirectly infer fabric dip based on the observation of fast364

azimuth alignment with the FSD suggests fabric is horizontal to within ∼10◦ in our study region, providing365

confidence in our current approach.366

The influence of pyroxene on LPO development, bulk anisotropy, and mantle rheology is still being367

investigated. A recent study of natural peridotites containing various olivine and orthopyroxene LPO368

types shows that orthopyroxene has no significant effect on the fast azimuth of seismic anisotropy when369

olivine composes at least 40% of the sample (Bernard et al., 2021), corroborating our observation in Fig-370

ure 3f–h. The strength of anisotropy does depend on both the proportion of pyroxene and the magnitude371

of strain, however (Figure 3a–d). In practice, it is not possible to separate these two effects, and the372

best one can do is assume a realistic mantle composition based on prior knowledge as we have done.373

Additionally, shear strain is not readily determined in natural samples except in special cases for which374

strain markers are present, such as at the Josephine shear zone (Hansen and Warren, 2015, Warren et al.,375

2008), and those samples by definition contain a pre-existing LPO, which also impacts strain develop-376

ment. Untangling these competing effects on anisotropy will require new high-strain experiments using377

realistic peridotite compositions that examine the effect of olivine and pyroxene together and quantify378

the influence of pre-existing fabric.379

Finally, as our 1-D model represents an average over the 600×400 km NoMelt footprint, we cannot380

necessarily rule out a variation in LPO type across the region. In particular, a spatial variation from A-381

type to E-type could appear as D-type LPO when averaged over the array. However, given the relatively382

simple oceanic setting and minor lateral variations in surface-wave phase velocities at NoMelt (<1%)383

(Russell et al., 2019), existence of multiple LPO types seems unlikely.384

6 Conclusions385

We develop the first in situ elastic tensor of oceanic lithosphere constrained by co-located shear and386

compressional observations sensitive to the upper ∼7 km of the mantle. By comparing our observation to387

a suite of previously published tensors from olivine aggregates deformed in nature and in the laboratory, we388

provide new constraints on LPO type, magnitude of shear strain, and dominant deformation mechanism at389

MOR conditions. The relatively strong azimuthal anisotropy with fast azimuth parallel to the spreading390
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direction is consistent with shear strains of 300–400% and sub-horizontal fabric produced by corner flow.391

The relative strengths of azimuthal and radial anisotropy correspond to D-type LPO ([100] parallel to392

shear and girdled [001] and [010] perpendicular to shear) irrespective of assumed olivine content or fabric393

dip. Our observations can be explained by a mantle composition of 60–75% olivine, consistent with394

observed mantle peridotites, but the competing effects of composition, strain, and pre-existing LPO on395

anisotropy strength cannot be completely isolated.396

D-type LPO is interpreted as evidence for near-ridge deformation dominated by grain-size sensitive397

disGBS. This implies in situ grain sizes of 0.3–15 mm, smaller than predicted by piezometers derived from398

experiments on pure olivine, which may be the result of grain-boundary pinning by secondary phases399

such as pyroxene in Earth’s interior. Alternatively, the grain-size sensitivity may be underestimated400

by typical flow laws. We find a slight preference for smaller stress and grain-size exponents in the401

disGBS flow law and/or a larger stress exponent in the dislocation creep flow law relative to reported402

experimental values. The grain-size sensitivity of disGBS deformation impacts rheology of the spreading403

mantle and subsequent LPO development. This study demonstrates the ability to integrate laboratory-404

and seismological-scale observations of seismic anisotropy to improve understanding of mantle deformation405

during seafloor spreading.406
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Appendix407

A Wattmeter steady-state grain size calculation408

Grain-size evolution as a function of stress (σ) is estimated following the wattmeter approach of Austin409

and Evans (2007):410

ḋ =
Kg

p
d1−p exp

(
−Eg + P̄ Vg

RT

)
− 2χ

cγ
d2σ : ε̇ , (3)

where Kg and Eg are the grain growth prefactor and activation energy, respectively. The first term411

on the right-hand side represents grain growth by material diffusion between grains, and the second term412

represents grain-size reduction through dynamic recrystallization, which depends on χ the fraction of work413

done by dislocation mechanisms in order to change grain boundary area, average specific grain boundary414

energy, γ, and a geometric constant, c. We follow (Behn et al., 2009) and assume a grain growth exponent415

of p = 3. Assuming deformation occurs via disGBS, ε̇ = AGBSσ
nd−m exp (−(EGBS + PVGBS)/RT ) and416

setting eq (3) equal to zero, the steady-state grain size is given by:417

dss =

[
Kgcγ

2χpAGBSσn+1
exp

(
(EGBS − Eg) + (PVGBS − PVg)

RT

)] 1
1+p−m

(4)

All parameter values can be found in Table S3. The resulting steady-state grain-size variation with418

stress, or wattmeter, at T = 1250◦C is shown in Figure 5.419

B Flow-law uncertainties420

Uncertainty in grain-size and stress exponents in olivine flow laws affect both the wattmeter calculation421

as well as deformation mechanism maps when extrapolated from laboratory to mantle conditions. We422

evaluate the effect of experimentally determined uncertainties in mGBS, nGBS, and nDISL on the wattmeter423

and deformation mechanism maps by perturbing them within their uncertainty bounds (n±0.3 and m±0.1424

relative to the reference values listed in Table S3). In order to remain consistent with the laboratory data,425

we correspondingly solve for prefactors AGBS and ADISL using the strain rate evaluated at a reference426

state of d = 60 µm and σ = 60 MPa, representative of average laboratory conditions. The deformation427

mechanism map and wattmeter are then calculated using the new value of A and perturbed values of n428
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and m. The resulting effects on the deformation mechanism map, and the disGBS region in particular,429

are shown for two endmember cases in Figure 5b–c. Because we calculate the deformation mechanism430

maps and the grain size versus stress relationships at a temperature of 1250◦C (which is within the431

temperature range that the grain-growth and deformation experiments were conducted), uncertainties in432

the activation energies for the flow laws and grain-growth law (Speciale et al., 2020) do not significantly433

impact our analysis.434

We perform a grid search over values of mGBS, nGBS, and nDISL within their uncertainty bounds to435

determine the range of parameters that satisfy our in situ inference of disGBS as well as the laboratory436

derived grain-size piezometer and wattmeter (Figure B1). A set of parameters is considered acceptable437

if disGBS is predicted to occur at grain sizes at least as large as those predicted from the piezometer438

and wattmeter in Figure 5 (i.e., when the piezometer and wattmeter fall completely within the disGBS439

regime) at mantle strain rates of 10−14.5–10−12.5 s−1. Figure B1 shows that this criterion is met when440

mGBS and nGBS are smaller than their reference values and/or nDISL is larger than its reference value.441

Furthermore, there is a clear tradeoff between the disGBS parameters (mGBS, nGBS) and the dislocation442

creep parameter nDISL.443
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Figure 1: Summary of the most commonly observed LPO types. Schematic showing the a slip
systems, b crystallographic orientations, c compressional velocities VP, and d relative strengths of radial
and azimuthal anisotropy for A-, D-, and E-type fabrics under the assumption that the shear plane is
parallel to Earth’s surface. Note the qualitative differences in VP between the three fabric types arising
from the relative orientations of [100], [010], and [001]. Variations in the slow [010] and intermediate [001]
axes result in measurable differences in seismic anisotropy. Azimuthal anisotropy is sensitive to the two
crystallographic axes in the horizontal plane, and radial anisotropy is sensitive to the difference between
the azimuthally averaged horizontal axes and the vertically oriented axis.
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Figure 2: Comprehensive elastic model and data fit for the NoMelt region. Summary of the
NoMelt SPani model. a, VP, VS, and Radial anisotropy model and data fit after (Russell et al., 2019).
Grey shading for NoMelt radial anisotropy captures the range of models that fit the data, with the best
fit model shown in black. Brown shading indicates where both VP (Mark et al., 2019) and VS constraints
exist in the upper ∼7 km of the mantle. NF89, (Nishimura and Forsyth, 1989) 52–110 Ma region;
PA5, (Gaherty et al., 1996). b, Azimuthal anisotropy strength and azimuth. Model uncertainties of
two standard deviations from bootstrapping are shaded. Data fit and range of bootstrap model fits are
shown in the lower panels. c, Velocity calculations for the average elastic tensor for the upper ∼7 km
of the lithospheric mantle (NoMelt SPani7), plotted using the MATLAB Seismic Anisotropy Toolkit
(Walker and Wookey , 2012). The horizontal black line denotes the horizontal plane with the fossil-
spreading direction (FSD) to the east and west. Maxima and minima are denoted by a square and circle,
respectively. dVS = 200(VSH − VSV)/(VSH + VSV)
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Figure 3: NoMelt anisotropy compared with olivine petrofabric data as a function of shear
strain and pyroxene content. Anisotropy strength (a–d) and fast azimuth with respect to the shear
direction or FSD (f–h) for laboratory (solid circles) (Hansen et al., 2014, 2016) and natural samples
(open squares) (Hansen and Warren, 2015). The NoMelt seismic model for the upper ∼7 km of the
lithospheric mantle is shown in grey with a width that represents the full range of values in that depth
range. NoMelt FSD uncertainty is ∼10◦. e Magnitude of the angle between maximum VP and the shear
plane; seismic model does not constrain this parameter. Calculations for (blue) pure olivine and (red)
60% olivine, 40% orthopyroxene are shown (see Methods for details on the inclusion of orthopyroxene).
Error bars show median and standard deviation for laboratory data binned by strain with bin width
γ = 0.75. VP surfaces are shown above a for laboratory samples averaged by increments of γ = 2 (See
also Figure S6). All samples oriented consistent with the seismic reference frame: shear plane parallel to
Earth’s surface and shear direction parallel to the FSD.
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Figure 5: Deformation mechanism maps at mid-ocean ridge conditions. a Strain rate contours
are calculated using the nominal olivine flow laws of Hansen et al. (2011) at a temperature of 1250◦C
and pressure of 360 MPa (see Table S3), approximating shallow mantle conditions at the MOR. The
red region bounded by strain rates of 10−14.5–10−12.5 s−1 and within the grey dislocation-accomodated
grain boundary sliding (disGBS) regime represents the range of stress and grain sizes consistent with the
observation of D-type LPO. The grain-size wattmeter of Austin and Evans (2007) is shown in blue and
includes uncertainties in laboratory derived stress and grain-size exponents (see Methods for details). A
commonly used grain-size piezometer (Hirth and Kohlstedt , 2015, Karato et al., 1980) is shown in black.
Laboratory data of Karato et al. (1980) are shown in teal. b–c same as a) but for perturbed flow law
parameters nDISL, nGBS, and mGBS within their uncertainty bounds, representing endmember cases. The
star marks the reference state (d = 60 µm, σ = 60 MPa) used to ensure agreement with laboratory data
(See methods for details). In c), the disGBS region vanishes for realistic MOR strain rates, and therefore
is not supported by our observation.
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Table 1: NoMelt SPani7 elastic tensor, Cij , averaged over the upper ∼7km of the mantle. The tensor is
oriented in the seismological reference frame with X parallel to the fossil-spreading direction, Y parallel
to Earth’s surface and perpendicular to fossil spreading, and Z perpendicular to Earth’s surface.

i j 1 2 3 4 5 6
1 243.5427 71.5726 73.6646 0 0 1.5311
2 – 212.0492 74.4322 0 0 1.2569
3 – – 213.2303 0 0 0.0068
4 – – – 68.5948 -0.0441 0
5 – – – – 75.3675 0
6 – – – – – 74.4751
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Figure B1: Flow law parameter combinations which predict disGBS at mantle strain rates. A
grid search is performed over values of nDISL, nGBS, and mGBS within their uncertainty bounds in order
to determine the combinations for which disGBS is predicted to occur at grain sizes corresponding to
the piezometer and wattmeter shown in Figure 5 at mantle strain rates. A combination of parameters is
considered acceptable when the grain-size piezometer and wattmeter are completely within the disGBS
region of the deformation mechanism map for strain rates of 10−14.5–10−12.5 s−1. Filled red circles indicate
parameter combinations for which this criterion is met, while open circles failed to meet this criterion.
The vertical and horizontal blue lines indicate the reference values of nGBS and mGBS, respectively from
Table S3. The reference value of nDISL is 3.5. We find that smaller values of nGBS and mGBS and/or
larger values nDISL relative to their reference values are favorable.
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Figure S1: Estimating VP, VS, and olivine content. a 70 Ma half-space cooling (HSC) geotherm with
mantle potential temperature TP = 1350◦C. b, c Mineral physics calculations of Voigt average VP and VS
(red solid lines) and d mineral abundance from Perple X (Connolly , 2009), using the solution models of
Stixrude and Lithgow-Bertelloni (2011) and assuming a depleted mid-ocean ridge basalt (MORB) mantle
composition (Hacker , 2008). The average velocities for the upper 7 km, NoMelt SPani7, is indicated
by the yellow star. Although the predicted velocity gradients are less steep for both VP and VS (and
for VP, opposite in sign), there is fair agreement with the depth averaged NoMelt velocities. Modal
estimates yield ∼60% olivine. Ol = olivine; Cpx = clinopyroxene; Opx = orthopyroxene; Gt = garnet;
Pl = plagioclase

34



S
VP (km/s)

Min. =  8.13,   Max. =  8.17
Anisotropy =   0.5%

8.14
8.14
8.15
8.15
8.16
8.16
8.17
8.17

VSV (km/s)

Min. =  4.85,   Max. =  4.86
Anisotropy =   0.3%

4.85
4.85
4.85
4.85
4.86
4.86
4.86
4.86

VSH (km/s)

Min. =  4.86,   Max. =  4.87
Anisotropy =   0.2%

4.86
4.86
4.86
4.87
4.87
4.87
4.87
4.87

Min. =  0.02,   Max. =  0.40

0.06
0.10
0.15
0.19
0.23
0.27
0.32
0.36

Fast-shear polarisation dV  %

Figure S2: Orthopyroxene texture used in calculations. A generic orthopyroxene texture from the
torsion experiments of Hansen et al. (2014). The fabric is extremely weak (∼0.4% VP anisotropy) and
oriented with its [100] crystallographic axis perpendicular to the shear plane, [001] sub-parallel to the shear
direction, and [010] perpendicular to shear and in the shear plane. dVS = 200(VSH − VSV)/(VSH + VSV)

35



0 0.2 0.4 0.6 0.8 1
Opx content

0

0.2

0.4

0.6

0.8

1

N
or

m
al

iz
ed

 G
/L

y = -1.0019x + 0.99237
R = -0.9998

0 0.2 0.4 0.6 0.8 1
Opx content

0

0.2

0.4

0.6

0.8

1

N
or

m
al

iz
ed

 B
/A

y = -0.99325x + 1.0183
R = -0.9995

0 0.2 0.4 0.6 0.8 1
Opx content

0

0.2

0.4

0.6

0.8

1
N

or
m

al
iz

ed
 E

/N

y = -0.98147x + 1.0087
R = -0.9991

0 0.2 0.4 0.6 0.8 1
Opx content

0

0.2

0.4

0.6

0.8

1

N
or

m
al

iz
ed

 (N
/L

)1/
2 -1 y = -1.0406x + 0.99934

R = -0.9998

Figure S3: Reduction in anisotropy strength with increasing orthopyroxene content. Using
well-developed laboratory olivine samples from Hansen et al. (2014, 2016) with shear strains of γ > 2,
shown in grey, scaling relationships are found between orthopyroxene content and anisotropy strength
(using the orthopyroxene fabric in Figure S2; see methods for details). Anisotropy values for each sample
are normalized by the pure olivine estimate in order to determine a single scaling relation for all samples.
The best fit line that describes anisotropy reduction with increasing orthopyroxene is shown in red, and
nearly falls along the -1:1 line dashed in black.
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Figure S4: Effect of assumed olivine content on LPO-type comparison. a–c, As in Figure 4 in
the main text. Circles show anisotropy averages assuming varying ratios of olivine and pyroxene content,
where symbol size scales with the amount of olivine ranging from 60% to 100% in increments of 5%, and
color denotes fabric type. Anisotropy strength decreases with decreasing olivine content. The best fitting
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fabric dip ranging from 0◦ to 60◦, and color denotes fabric type. A composition of 75% olivine and
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Figure S6: Strain evolution of anisotropy for laboratory samples shown in Figure 3. (left to
right) Columns show VP, VSV, VSH, and dVS anisotropy for laboratory samples from Hansen et al. (2014,
2016) grouped and averaged by shear strain for 60% olivine and 40% pyroxene. (top to bottom) Each row
represents an average of all samples within the range of γ indicated at the left of each row. Strain increases
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Table S1: NoMelt SPani transversely isotropic velocity model with depth relative to sea surface.
Depth VSV VSH VPV VPH η ρ
(km) (km/s) (km/s) (km/s) (km/s) (g cm−3)
0.000 0.000 0.000 1.500 1.500 1.00 1.030
5.225 0.000 0.000 1.500 1.500 1.00 1.030
5.225 0.150 0.150 1.900 1.900 1.00 1.500
5.375 0.150 0.150 1.900 1.900 1.00 1.500
5.375 3.046 3.046 5.635 5.635 1.00 3.027
7.750 3.699 3.828 6.844 7.082 1.00 3.027
8.626 3.783 3.915 6.999 7.242 1.00 3.027
10.300 3.842 3.976 7.108 7.355 1.00 3.027
11.610 3.906 4.042 7.227 7.478 1.00 3.027
11.610 4.646 4.783 7.934 8.168 0.90 3.339
13.600 4.646 4.783 7.955 8.189 0.90 3.340
15.790 4.644 4.781 7.975 8.210 0.90 3.341
17.980 4.640 4.777 7.997 8.232 0.90 3.342
20.160 4.635 4.772 8.014 8.250 0.90 3.343
20.160 4.635 4.772 8.066 8.303 0.90 3.343
23.870 4.627 4.764 8.119 8.358 0.91 3.346
25.725 4.623 4.760 8.146 8.385 0.91 3.347
27.580 4.619 4.755 8.171 8.412 0.91 3.349
29.435 4.614 4.751 8.198 8.439 0.91 3.350
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Table S2: NoMelt SPani azimuthal anisotropy model with depth relative to sea surface.
Depth G/L ΨG B/A ΨB E/N ΨE H/F ΨH

(km) (%) (◦) (%) (◦) (%) (◦) (%) (◦)
13.600 4.25 75.69 6.28 83.35 2.38 124.61 0.47 165.53
15.790 4.56 76.93 6.85 83.34 2.39 124.41 0.50 166.72
17.980 4.86 77.90 7.38 83.17 2.40 124.07 0.53 167.70
20.160 5.27 78.80 8.01 82.18 2.42 123.29 0.58 168.67
23.870 5.61 78.90 8.46 80.50 2.46 122.25 0.62 168.79
25.725 5.73 78.74 8.62 79.73 2.48 121.75 0.63 168.67
27.580 5.83 78.45 8.76 78.92 2.51 121.18 0.64 168.41
29.435 5.90 78.06 8.85 78.23 2.53 120.67 0.65 168.04
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Table S3: Nominal flow law and grain-size evolution parameters used to calculate the wattmeter and
deformation mechanism maps

Symbol Description Value Units
R gas constant 8.314 J mol−1 K−1

T temperature 1523 K
P pressure 360 MPa
G0 dry grain growth rate constant 1.5 × 10−5 mp s−1

Eg activation energy for grain growth 350 kJ mol−1

Vg activation volume for grain growth 8 × 10−6 m3 mol−1

p grain growth exponent 3
χ fraction of work done by dislocation mechanisms 0.03
γ average specific grain boundary energy 1 J m−2

c geometric constant 3
nGBS disGBS stress exponent 2.9
mGBS disGBS grain-size exponent 0.7
AGBS disGBS prefactor 104.8 µm−0.7 MPa−2.9 s−1

EGBS disGBS activation energy 4.45 × 105 J mol−1

VGBS disGBS activation volume 1.5 × 10−5 m3 mol−1

nDISL dislocation creep stress exponent 3.5
mDISL dislocation creep grain-size exponent 0
ADISL dislocation creep prefactor 1.1 × 105 MPa−3.5 s−1

EDISL dislocation creep activation energy 5.3 × 105 J mol−1

VDISL dislocation creep activation volume 1.5 × 10−5 m3 mol−1

nDIFF diffusion creep stress exponent 1
mDIFF diffusion creep grain-size exponent 3
ADIFF diffusion creep prefactor 107.6 µm−3 MPa−1 s−1

EDIFF diffusion creep activation energy 3.75 × 105 J mol−1

VDIFF diffusion creep activation volume 1 × 10−5 m3 mol−1
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