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Abstract 17 

Seismic anisotropy arises in the upper mantle due to the alignment of olivine crystal lattices and 18 

is often used to interpret mantle flow direction. Experiments on the evolution of olivine crystal-19 

preferred orientation (CPO) have found that the texture that develops is dependent on many factors, 20 

including water content, differential stress, pre-existing CPO, and deformation kinematics. To 21 

evaluate the role of these factors in naturally deformed samples, we present microstructural 22 

transects across three shear zones in the Josephine Peridotite. Samples from these shear zones 23 

exhibit a mixture of A-type textures, which have been associated with dry conditions and primary 24 

activation of the olivine [100](010) slip system, and of E-type textures, which have been associated 25 

with wetter conditions and primary activation of the [100](001) slip system. CPOs with 26 

characteristics of both A-type and E-type textures are also present. CPO type does not evolve 27 

systematically as a function of either strain or water content. We used a micromechanical model 28 

to evaluate the roles of pre-existing texture and kinematics on olivine CPO evolution. We find that 29 

the pre-existing texture controls CPO evolution at strains up to 5 during simple shear. Kinematics 30 

involving a combination of simple shear and pure shear can explain the olivine CPOs at higher 31 

strain. Hence, pre-existing CPOs and deformation kinematics should be considered in the 32 

interpretation of CPOs measured in naturally deformed rocks and of large-scale patterns in upper-33 

mantle seismic anisotropy. 34 

1. Introduction 35 

Mantle seismic anisotropy results from the alignment of olivine crystal lattices during flow at high-36 

temperature in the upper mantle, with the crystal-preferred orientation (CPO) of olivine evolving 37 

in response to strain (e.g., Hess, 1964; Nicolas et al., 1973; Nicolas & Christensen, 1987). Different 38 

CPOs arise from the dominance of different slip systems and have been used to interpret 39 

deformation conditions (e.g., Ben Ismaïl & Mainprice, 1998; Jung & Karato, 2001). The most 40 

common CPO observed in upper mantle peridotites is created by slip predominantly in the [100] 41 

direction on the (010) plane (e.g., Tommasi et al., 2000) and is often referred to as A-type (Figure 42 

1). Experimental and theoretical studies have proposed that olivine CPO is a function of 43 

differential stress and water content (e.g., Jung et al., 2006; Jung & Karato, 2001; Katayama et al., 44 



Confidential revised manuscript submitted to Journal of Geophysical Research: Solid Earth 

3 

2004), as well as other parameters such as melt content (e.g., Holtzman et al., 2003; Qi et al., 45 

2018), confining pressure (e.g., Mainprice et al., 2005), temperature (e.g., Katayama & Karato, 46 

2006), pre-existing CPO (e.g., Boneh & Skemer, 2014; Hansen, Warren, et al., 2016), and 47 

deformation kinematics (e.g., Tommasi et al., 1999). 48 

At the low differential stresses (~10 MPa) inferred for flow in the uppermost mantle (e.g., Behr & 49 

Hirth, 2014; Chin et al., 2016; Hansen & Warren, 2015), a water-induced transition between 50 

texture types is predicted by simple shear experiments at a few hundred ppm H/Si in olivine (e.g., 51 

Jung et al., 2006; Katayama et al., 2004), from an A-type texture to an E-type texture associated 52 

with slip in the [100] direction on the (001) plane (Figure 1). However, recent studies by Bernard 53 

and Behr (2017) and Bernard et al. (2019) on continental mantle xenoliths revealed no discernable 54 

relationship between water concentration and these CPO types. Unfortunately, interpretation of 55 

CPOs from xenoliths is often difficult due to poor constraints on deformation conditions, including 56 

shear plane and shear direction orientations, deformation kinematics, and shear strains. 57 

To clarify the factors controlling variation in olivine CPO, observations are needed in peridotite 58 

outcrops (e.g., orogenic massifs and ophiolites) for which the field context can provide constraints 59 

on deformation conditions. Additional factors in CPO evolution can then be considered, including 60 

the presence and orientation of a pre-existing CPO and the kinematics of deformation. Pre-existing 61 

CPOs can have a large effect on the rate of CPO evolution as well as the texture types attained at 62 

low strains (e.g., Boneh & Skemer, 2014; Hansen et al., 2012; Hansen, Warren, et al., 2016). 63 

Different deformation kinematics (i.e., non-simple shear) also strongly affect texture development, 64 

based on both modeling (e.g., Tommasi et al., 1999) and deformation experiments (e.g. Hansen, 65 

Warren, et al., 2016). In addition, experiments utilizing triaxial compression and thus kinematics 66 

similar to pure shear (e.g., Boneh & Skemer, 2014; Hansen et al., 2011) result in CPOs 67 

significantly different from experiments utilizing torsion and thus simple shear kinematics (e.g., 68 

Bystricky et al., 2000; Hansen et al., 2014).  69 

Here, we explore the link between olivine CPO, water content, and deformation kinematics in 70 

shear zones in the Fresno Bench outcrop of the Josephine Peridotite in southwestern Oregon (e.g., 71 

Kelemen & Dick, 1995; Loney & Himmelberg, 1976; Skemer et al., 2010; Warren et al., 2008). 72 

We find that samples with different olivine CPOs have similar water contents, suggesting that 73 

water was not the main factor controlling CPO formation in these shear zones. We use a textural 74 
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evolution model (Hansen, Conrad, et al., 2016) to evaluate the roles of a pre-existing CPO and 75 

complex deformation kinematics on the evolution of olivine CPOs in the Fresno Bench shear 76 

zones, and our results indicate that many of the features observed in the olivine CPOs of the Fresno 77 

Bench shear zones can be explained by a combination of these two factors. 78 

2. Geological setting 79 

The Josephine Peridotite (Figure 2) is the mantle section of a 150 Ma ophiolite exposed in the 80 

Klamath Mountains of southwestern Oregon (Garcia, 1982; Harper, 1984; Saleeby et al., 1982). 81 

This study focuses on Fresno Bench, an outcrop with an area of <1 km2 in the 640 km2 exposure 82 

of peridotite (Dick, 1977; Himmelberg & Loney, 1973). Fresno Bench is notable in that numerous 83 

small shear zones are exposed (Figure 2), ranging from centimeters to tens of meters in width 84 

(Kelemen & Dick, 1995; Loney & Himmelberg, 1976; Nevitt et al., 2019; Skemer et al., 2010; 85 

Warren et al., 2008). The peridotite in this area exhibits near-ubiquitous layering of pyroxene-rich 86 

and pyroxene-poor harzburgite. These layers are deflected by shear-zone deformation, from a sub-87 

horizontal orientation present across the majority of the outcrop to a sub-vertical orientation at the 88 

center of each shear zone. The shear zones are estimated to have formed in the shallow mantle at 89 

<30 km depth and temperatures of 900-1200˚C, based on major element geothermometry of the 90 

peridotite and syndeformational gabbroic dikes (Harding, 1988; Kelemen & Dick, 1995; 91 

Kumamoto et al., in revision; Loney & Himmelberg, 1976; Skemer et al., 2010). 92 

Here, we examine three of the best-exposed Fresno Bench shear zones: Shear Zone P (SZP; Hansen 93 

& Warren, 2015; Warren et al., 2008), Shear Zone G (SZG; Skemer et al., 2010), and Shear Zone 94 

A (SZA; Recanati et al., 2012). All three shear zones are predominantly harzburgite, though the 95 

harzburgite in SZP is interlayered with dunite.  The strike of the vertical shear plane in each shear 96 

zone was determined from the orientation of the pyroxene foliation with the steepest dip. Shear 97 

strain was determined using the deflection of the pyroxene foliation at each point relative to the 98 

orientation of the foliation at the edge of the shear zone (following Ramsay & Graham, 1970, and 99 

Warren et al., 2008). Longer discussions of shear strain measurements and geochemical 100 

measurements for these shear zones are presented in a companion study on the melt interaction 101 

history of the Fresno Bench shear zones (Kumamoto et al., in revision).  102 
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3. Microstructural analysis 103 

Electron backscatter diffraction (EBSD) was used to measure olivine orientations and grain size 104 

in a transect of 9 samples across SZA. Microstructures and CPOs for SZG and SZP transects have 105 

previously been published (Hansen & Warren, 2015; Skemer et al., 2010; Warren et al., 2008). 106 

Two additional SZG samples and three additional SZP samples were analyzed to provide grain 107 

size estimates following the same methodology used here and previously for SZP (Hansen & 108 

Warren, 2015). For EBSD analysis, oriented thin sections were polished using diamond solutions 109 

down to a grit size of 0.25 µm, followed by 0.06 µm colloidal silica. Samples from SZA were 110 

analyzed using AZtec 2.0 software on an FEI Quanta 200 scanning electron microscope with an 111 

Oxford Instruments NordlysF EBSD detector and an X-max 20 mm2 silicon drift detector at the 112 

Department of Plant Biology, Carnegie Institution of Washington. Samples from SZG and SZP 113 

were analyzed using AZtec 3.3 software on a Zeiss Auriga 60 with an Oxford Instruments 114 

NordlysF EBSD detector at the University of Delaware. Step sizes varied between 7.5 and 20 µm, 115 

all sufficiently small to resolve olivine grain sizes in these samples. A minimum of 200 grains of 116 

olivine per sample were measured to ensure that the CPO and grain size in the map were 117 

representative of the sample. 118 

EBSD data were processed using the Channel5 software package to perform noise reduction, 119 

remove systematic misindexing, create phase maps, and measure grain size. Noise reduction 120 

included the use of the Kuwahara filter to improve resolution of low-angle misorientations 121 

(Humphreys et al., 2001). In comparing Channel5 and MTEX (Bachmann et al., 2010; Mainprice 122 

et al., 2014) routines for calculating misorientation inverse pole figures (MIPFs), we found that 123 

applying this filter was essential to producing consistent results between the two programs. 124 

Average grain size and subgrain size were measured using the linear intercept method along lines 125 

parallel and perpendicular to the shear direction, using the arithmetic mean and a geometric 126 

correction factor of 1.5 to obtain an estimate of the mean 3D grain size from a 2D cross-section 127 

(Hansen & Warren, 2015; Underwood, 1970, pp. 80–93). Critical angles for these two 128 

measurements were set at 10˚ and 1˚, respectively. The MTEX package for MATLAB (Bachmann 129 

et al., 2010; Mainprice et al., 2014) was used to create and analyze crystal orientation pole figures 130 

as well as low-angle MIPFs, with orientation distribution functions for each sample calculated 131 

using a kernel half-width of 10˚. Measurements of the texture strength, the J-index (Bunge, 1982) 132 
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and M-index (Skemer et al., 2005), were also calculated using MTEX. Eigenvalue analysis 133 

(Woodcock, 1977) was used to calculate the average orientation of each crystallographic axis in 134 

each CPO. This analysis was also used to calculate the shape parameter, K, for the orientation 135 

distribution of each crystallographic axis as:  136 

𝐾ℎ𝑘𝑙 =
ln(𝑆1 𝑆2⁄ )

ln(𝑆2 𝑆3⁄ )
 (1) 137 

where S1, S2, and S3 are the first, second, and third eigenvalues, respectively, for that distribution 138 

(Woodcock, 1977). K is a representation of clustering in the data. Values of 0<K<1 represent a 139 

girdled texture, and values of K>1 represent a point maximum. 140 

4. Results  141 

4.1. Olivine textural evolution 142 

We evaluated the microstructures of 9 harzburgite samples from SZA, 11 harzburgite and 6 dunite 143 

samples from SZP, and 2 harzburgite samples from SZG, for a total of 28 samples. The results are 144 

summarized in Tables 1 and S1. In Figures 3–5 and Figure S1, EBSD data of olivine are plotted 145 

relative to the structural reference frame, with the x-axis parallel to the shear direction, the y-axis 146 

normal to the shear plane, and the z-axis perpendicular to both the shear direction and the normal 147 

to the shear plane. All of these datasets are so far unpresented in the literature with the exception 148 

of 13 SZP samples previously described by Hansen and Warren (2015), which were collected 149 

following the same methodology. Microstructures from earlier datasets for SZP (Warren et al., 150 

2008) and SZG (Skemer et al., 2010) are not included in the quantitative analysis here as they were 151 

collected using older generation EBSD systems and lack the data density necessary for examining 152 

subgrain structure.  153 

The olivine CPOs in samples from SZA are analyzed for the first time in this study (Figure 3). As 154 

seen previously in the Fresno Bench shear zones (Skemer et al., 2010; Warren et al., 2008), SZA 155 

has a pre-existing CPO in the sample with zero shear strain, JP10-M15. As strain increases, the 156 

average [100]-axis orientation rotates from a maximum angle of 53˚ from the shear plane to an 157 

angle of 14˚ past the shear plane. The rotation is about the z-axis (perpendicular to both the shear 158 

direction and the shear plane normal), which is consistent with operation of slip systems with [100] 159 
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Burgers vectors (i.e., slip in the [100] direction). In SZP and SZG, the average [100]-axis 160 

orientation also rotates about the z-axis to align subparallel to the shear plain at high strain, but the 161 

rotation of the [100] axes in SZG (Skemer et al., 2010) evolves in the opposite direction from SZA 162 

and SZP (Figure S2). 163 

At very low strain (<0.5) in SZA (JP10-M13 and JP10-M14), dual maxima are observed in the 164 

[100] axes (Figure 3). The first maximum is similar to the [100] maximum in the lowest strain 165 

sample (JP10-M15), aligned ~40˚ from the shear direction. The second maximum is aligned 166 

perpendicular to the first maximum, ~130˚ from the shear direction. The dual maxima in the [100] 167 

axes at very low strain in SZA is strikingly similar to that observed in SZP, in samples 3923-J06 168 

and 3923-J08 (Figure 4). Similar features have also been observed in direct shear experiments, in 169 

which they were interpreted as potentially representing multiple slip directions (Zhang et al., 2000; 170 

Zhang & Karato, 1995). In that case, the disappearance of the second maximum at higher strain 171 

may represent recrystallization processes favoring crystals that are better oriented for [100]-slip. 172 

At mid-to-high strains (≥3), the average [100]-axis orientation of each SZA sample is rotated by 173 

6˚ to 14˚ past the shear plane, i.e., on the opposite side of the shear plane from the long axis of the 174 

finite strain ellipsoid (Figure 3). This relationship between the average [100]-axis orientation and 175 

the shear direction is also observed in two high-strain dunite samples from SZP (3924-J09b and 176 

3924-J07; Figure S1) as well as all of the high strain samples from SZG (Figure 5). This behavior 177 

has been reported in experiments that produced an E-type CPO in olivine (Katayama et al., 2004). 178 

However, the antithetic orientation of the [100] axes usually arises by counter-clockwise rotation 179 

of the [100] maximum with progressive strain, as seen in SZG (Figure S2) and typically associated 180 

with deformation under wet conditions (see compilation by Skemer & Hansen, 2016). In contrast, 181 

the [100] maximum in SZA undergoes clockwise rotation (Figure S2). Clockwise rotation of the 182 

[100] maximum is a well documented phenomenon under dry conditions (again, see compilation 183 

by Skemer & Hansen, 2016), but there is no previously documented case in which [100] rotates 184 

past the shear plane. Thus, the CPO evolution in SZA is unique compared to other naturally and 185 

experimentally deformed samples. 186 

The evolution of the [010] and [001] axes in SZA is far less systematic than that of the [100] axes 187 

(Figure 3). Both sets of axes oscillate between having their average orientations closer to the y-188 

axis (shear plane normal) or to the z-axis of the pole figures. These fluctuations in the average 189 
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orientation of the [010] and [001] axes are not regular, nor are they clearly a function of strain. 190 

SZP and SZG also exhibit a complicated evolution of these axes (Figures 4 and 5). 191 

The [010] and [001] axes are at least marginally girdled in samples from all three shear zones. 192 

Examining the shape parameter K for each axis, where 0<K<1 represents a girdled texture and K>1 193 

represents a point maximum (Woodcock, 1977), nearly every sample exhibits girdled [010] axes 194 

(Figure 6b). Many samples also exhibit girdled [001] axes (Figure 6c). In contrast, the [100] axes 195 

are almost all point maxima (Figure 6a). 196 

The olivine CPOs in samples from the Fresno Bench shear zones (Figures 3–5) can be qualitatively 197 

categorized as A-type or E-type depending on the average orientation of the three axes of olivine 198 

compared to the theoretical CPO (Figure 1). Since both CPO types are associated with slip systems 199 

with [100] Burgers vectors, the classification of A-type and E-type CPOs is dependent on the 200 

behavior of the [010] and [001] axes. In A-type CPOs, the [010] axes are subparallel to the pole to 201 

the shear plane and the [001] axes are subparallel to the z-axis of the pole figure. In E-type CPOs, 202 

on the other hand, this is reversed. The [010] axes are subparallel to the z-axis, and the [001] axes 203 

are subparallel to the pole to the shear plane. However, in many of the samples presented here, 204 

CPO classification can be ambiguous as the olivine textures are often relatively girdled in the [010] 205 

and [001] axes (Figure 6b, 6c). In addition, some textures exhibit average [010]- and [001]-axis 206 

orientations that are intermediate between the expected orientations for A-type and E-type (Figure 207 

3–5). Of the CPOs examined in this study (including the duplicate samples 3925-G02-f and JP10-208 

M08-KK), we classify 8 as A-type, 10 as E-type, and 12 as ambiguous (Table 1). All samples that 209 

could be classified as the “D-type” CPO, for which the [100] axes are point maxima and the [010] 210 

and [001] axes are girdled (Jung and Karato, 2001; Jung et al., 2006), are included in the 211 

ambiguous category. 212 

Overall, samples from SZA exhibit moderate to strong textures, with the J-index ranging from 1.7 213 

to 4.9 (Table S1) and the M-index (Skemer et al., 2005) ranging from 0.03 to 0.14 (Table 1). 214 

Similar ranges for these two parameters have also been observed in SZP and SZG (Hansen & 215 

Warren, 2015; Skemer et al., 2010; Warren et al., 2008). In all three shear zones, the texture 216 

strength does not increase systematically with increasing strain (Figure 6f).  217 
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4.2. Low-angle misorientation analysis 218 

The A-type and E-type CPOs measured in SZA, SZP, and SZG are traditionally interpreted as 219 

representing the activation of different slip systems: [100](010) for A-type and [100](001) for E-220 

type (Jung et al., 2006; Karato et al., 2008; Skemer et al., 2012). We examined the rotation axes 221 

of low-angle misorientations (1–10˚) to help corroborate the slip system activity inferred from the 222 

CPOs. The orientations of these low-angle misorientation axes are plotted in the crystal reference 223 

frame in Figure 3–5. In this analysis, we assume that the low-angle misorientations are associated 224 

with tilt walls composed of edge dislocations of the major slip systems of olivine. If, on the one 225 

hand, tilt walls are composed of predominantly [100](010) dislocations, the misorientation axis 226 

should be parallel to the [001] (e.g., Lloyd et al., 1997). If, on the other hand, the tilt walls are 227 

composed of predominantly [100](001) dislocations, the misorientation axis should be parallel to 228 

[010]. Tilt walls composed of combinations of [100](010) and [100](001) dislocations will have 229 

misorientation axes at intermediate orientations between [010] and [001].  230 

In every MIPF (Figure 3–5), a peak is present in the misorientation axis distribution near [010], 231 

which is consistent with slip on the [100](001) system. Additional clusters of misorientation axes 232 

also occur between [010] and [001] in most samples, consistent with the activation of multiple slip 233 

systems with [100] Burgers vectors. 234 

One of the highest strain SZA samples, JP10-M08, is particularly notable in the agreement 235 

observed between the CPO and the low-angle misorientations in terms of slip system activation 236 

(Figure 3). The average orientations of the olivine axes are indicative of an E-type CPO, or slip on 237 

the [100](001) system. This matches the most common misorientation axis of [010] seen in the 238 

MIPF for that sample. The slight girdling of the [010] and [001] axes, representative of some 239 

proportion of activity on the [100](010) slip system, is matched by a smaller proportion of 240 

misorientation axes intermediate between the [010] and [001] axes. However, most samples do not 241 

exhibit strong agreement between the slip system inferred from the CPO and the slip system 242 

inferred from low-angle misorientation axes. 243 

4.3. Piezometry 244 

The differential stress during viscous deformation in the mantle is often assessed using a grain size 245 

or subgrain-size piezometer, based on the grain size reduction that is driven by dynamic 246 
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recrystallization in response to applied stresses (e.g., Drury, 2005; Mercier et al., 1977; Twiss, 247 

1977; Zeuch & Green, 1984). Using the olivine grain-size piezometer (e.g., Karato et al., 1980; 248 

Van der Wal et al., 1993), the average grain size range of 610 µm down to 180 µm in the shear 249 

zones yields differential stresses of 9 MPa up to 25 MPa, respectively (Table S1). The stresses 250 

recorded by the grain-size piezometer do not vary systematically as a function of strain in any of 251 

the shear zones, except for the high-strain samples from SZA and from SZG, which have smaller 252 

grain sizes than the other samples (Figure 6d). 253 

However, the olivine grain-size piezometer (Karato et al., 1980; Van der Wal et al., 1993) was 254 

developed for monophase aggregates of olivine, whereas the samples from these shear zones are 255 

predominantly harzburgite. Since the presence of a second phase can result in smaller grain sizes 256 

than expected for a given stress due to processes such as grain-boundary pinning (e.g., Tasaka et 257 

al., 2017; Warren & Hirth, 2006), we also utilize a subgrain-size piezometer to quantify differential 258 

stress, which should be unaffected by the presence of another phase. Based on the detailed 259 

assessment of subgrain-size piezometers in Hansen and Warren (2015), the subgrain size 260 

piezometer of Toriumi (1979) is the most applicable to the shear zone samples in this study. The 261 

average subgrain sizes of 250 µm down to 95 µm yield stresses from 5 MPa up to 14 MPa using 262 

this piezometer (Table 1). In SZP, Hansen and Warren (2015) observed that stresses recorded by 263 

the subgrain-size piezometer are relatively constant as a function of strain, although the dunites 264 

record higher stresses than the harzburgites. In both SZA and SZG, however, the stresses recorded 265 

by the subgrain-size piezometer increase toward the center of the shear zone (Figure 6e). 266 

4.4. Constraining shear-zone water contents 267 

To evaluate the relationship between water in nominally anhydrous minerals and microstructures, 268 

we used secondary ion mass spectrometry to examine water concentrations in orthopyroxene from 269 

18 samples: 9 from SZA, 7 from SZP, and 2 from SZG. Details of the analyses are described in a 270 

companion study that explores the systematics of geochemical variation across the shear zones 271 

(Kumamoto et al., in revision). Here we focus on the information relevant to understanding the 272 

relationship between water and CPO. Concentrations across the shear zones are variable, ranging 273 

from 180 to 334 ppm H2O (Table 1). Variation within a sample, averaged over 2–6 grains with 274 

multiple points per grain, was on the order of 1σ = 18 ppm, smaller than the measured inter-sample 275 

variations. 276 
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Water concentrations were also measured in olivine in 10 Fresno Bench samples, and these have 277 

an average of 9 ± 3 ppm across all three shear zones (Kumamoto et al., in revision). Differences 278 

among the shear zones are not resolvable within the precision of the current data set. These low 279 

water concentrations in olivine are similar to observations in other peridotites (2.0–5.0 ppm H2O 280 

at mid-ocean ridges; Peslier, 2010; Warren & Hauri, 2014), where they have been interpreted as 281 

representing degassing prior to emplacement. Therefore, we also calculated olivine water 282 

concentrations that would have been in equilibrium with orthopyroxene, using the average 283 

experimentally-determined partition coefficient  Dol/opx of 0.11 (Aubaud et al., 2004; Hauri et al., 284 

2006; Tenner et al., 2009). We have not applied a partition coefficient as a function of pressure, 285 

temperature, or composition (e.g., the temperature dependence described by Grant et al., 2006; or 286 

the aluminum dependence described in O’Leary et al., 2010 for clinopyroxene) as the 12 available 287 

experimental values for aluminum-bearing systems (Aubaud et al., 2004; Hauri et al., 2006) do 288 

not provide enough data to parameterize these dependencies. Olivine water concentrations based 289 

on this partition coefficient range from 20 ppm H2O (317 ppm H/Si) to 37 ppm H2O (588 ppm 290 

H/Si). 291 

Measured olivine water contents are all lower than water concentrations calculated from 292 

orthopyroxene concentrations. The mismatch between olivine and orthopyroxene could represent 293 

either the dehydration of olivine, the rehydration of orthopyroxene by later events, or some 294 

combination of dehydration and rehydration of one or both phases (e.g., Warren & Hauri, 2014). 295 

However, the systematic behavior of transects measuring water in orthopyroxene across all three 296 

shear zones suggests that the water concentrations in orthopyroxene reflect high-temperature 297 

processes associated with melt transport and shear-zone formation (Kumamoto et al., in revision). 298 

Even if dehydration or rehydration of the orthopyroxene has occurred, the relative variations in the 299 

water contents preserved in orthopyroxene can be taken as representative of the relative variations 300 

in water content during shear zone formation (Kumamoto et al., in revision). 301 

5. Discussion 302 

Olivine CPOs in the Fresno Bench shear zones suggest that slip systems with [100] Burgers vectors 303 

were the most active slip systems during deformation, as evidenced by the rotation of the [100] 304 

axes towards the shear direction with increasing strain. Slip on [100](010) is often referred to as 305 
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“easy slip” due to the low strength of that slip system in olivine (e.g., Durham & Goetze, 1977) 306 

and its apparent prevalence in mantle samples (e.g., Tommasi et al., 2000). Experiments have 307 

indicated that [100](001) slip is almost as weak as [100](010) slip under dry conditions (Bai et al., 308 

1991), and these two slip systems are often given equal strengths in textural evolution models (e.g., 309 

Tommasi et al., 2000).  310 

Based on girdling in the [010]- and [001]-axis orientations (Figures 3–5), both [100](010) and 311 

[100](001) were active in most samples during deformation in the Fresno Bench shear zones. This 312 

interpretation is similar to that of Hansen et al. (2014), who previously interpreted girdled D-type 313 

textures in experimental samples as representing competition between the [100](010) and 314 

[100](001) slip systems. The low-angle misorientation distributions (Figures 3–5) in olivine for 315 

our samples corroborate this hypothesis, with even high strain samples exhibiting low-angle 316 

misorientation axes varying between [010] and [001]. However, A-type and E-type CPOs are not 317 

always associated with the expected misorientation distribution. In addition, the CPO type does 318 

not directly correlate with the magnitude of the finite shear strain; instead, the CPO type oscillates 319 

between A-type, E-type, and ambiguous with increasing strain. To explain the olivine CPO 320 

variability in the Fresno Bench shear zones, we explore three factors: variations in water 321 

abundance, the presence of a pre-existing CPO, and the effect of deformation kinematics. 322 

5.1. The influence of water 323 

Experimental studies have suggested that the dominant slip system in olivine can change as a 324 

function of differential stress and water content, leading to different CPOs (Jung et al., 2006; Jung 325 

& Karato, 2001; Katayama et al., 2004), as illustrated in Figure 7a. For our shear-zone samples, a 326 

transition between the A-type CPO (drier conditions) and the E-type CPO (wetter conditions) is 327 

expected at a concentration of ~800 ppm H/Si in olivine, given our estimates for differential stress 328 

during deformation. Previous work in the Josephine Peridotite suggested that a difference in water 329 

concentration between shear zones may explain the different CPOs observed at high strains in the 330 

Fresno Bench shear zones (Skemer et al., 2010, 2013). This conclusion was based on the 331 

observation that the center of SZG (3925-G01) has an E-type CPO and a higher water content, 332 

while the center of SZP (3924-J08) has a CPO more similar to A-type and a lower water content. 333 
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Our detailed transects of water content across the shear zones (Kumamoto et al., in revision) reveal 334 

much more complex variations in water abundances than suggested by Skemer et al. (2013). 335 

Kumamoto et al. (in revision) suggest that the water concentrations measured in the Fresno Bench 336 

orthopyroxenes reflect high-temperature processes associated with melt transport and deformation. 337 

However, the observed variations do not correlate with CPO type (Figure 7), implying that the 338 

relationship between water and CPO is not straightforward. Water concentrations from direct 339 

measurements of olivine, as well as calculations of olivine water contents from measurements in 340 

orthopyroxene, are all much lower than the boundary between A-type and E-type suggested by 341 

Jung et al. (2006) and related studies (Figure 7). Importantly, samples with A-type CPOs have 342 

similar water concentrations to samples with E-type CPOs. 343 

One possibility for the discrepancies between our naturally deformed samples and the 344 

experimentally deformed samples (Jung et al., 2006; Jung & Karato, 2001; Katayama et al., 2004) 345 

may be differences in the deformation conditions. Experiments were performed at differential 346 

stresses >100 MPa and strain rates of ~10-5 s-1 (Jung et al., 2006). In contrast, the estimated 347 

differential stresses in the Fresno Bench shear zones, based on subgrain-size piezometry, are <20 348 

MPa (Table 1), well below the range of stresses measured in experiments. Strain rates are estimated 349 

to be ~10-12–10-14 s-1, based on olivine deformation by grain boundary sliding or wet dislocation 350 

creep, the mechanisms suggested to be active in the shear zones (Hansen & Warren, 2015; Nevitt 351 

et al., 2019). Thus, extrapolating the experimentally-defined boundary between A-type and E-type 352 

linearly from the high stresses of the experiments to the comparatively low stresses observed in 353 

the Fresno Bench shear zones may not be appropriate. Instead, our data could be an indication that 354 

the boundary between A-type and E-type textures is diffuse at low stresses, and thus the observed 355 

CPO depends more on other factors. 356 

Bernard and Behr (2017) suggested that the magnitude of strain, rather than the concentration of 357 

water, controls the principal slip plane in olivine. In their mantle xenolith suite, coarser-grained 358 

protogranular samples were more likely to have A-type CPOs, while porphyroclastic (i.e., slightly 359 

deformed) and mylonitic samples more often exhibited E-type CPOs. This broadly agrees with 360 

data from the Fresno Bench shear zones, in that the highest strain Josephine samples (strain ≥ 20) 361 

have olivine CPOs most similar to E-type. However, our dataset also contains many lower-strain 362 

samples with significant activation of the [100](001) slip system, evident in both the CPOs and the 363 
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misorientation axis distributions for olivine (Figures 3–5). Therefore, other variables must be 364 

affecting the observed changes in CPO. 365 

5.2. The influence of a pre-existing CPO 366 

A key attribute of the naturally deformed Josephine samples is the presence of a CPO prior to 367 

shear-zone deformation. Most olivine deformation experiments that have been done to characterize 368 

CPO types were based on initially random textures, but experiments have also shown that the 369 

presence of a pre-existing CPO has a strong effect on microstructural evolution (e.g., Boneh & 370 

Skemer, 2014; Hansen et al., 2012; Hansen, Warren, et al., 2016). Samples from outside the Fresno 371 

Bench shear zones all have relatively strong textures, with an M-index of ~0.1, whereas an initially 372 

random texture has an M-index of 0. We hypothesize that differences in the initial CPO should 373 

affect CPO evolution in the Fresno Bench shear zones. 374 

To investigate the role of a pre-existing CPO, we used the director-based textural evolution model 375 

developed by Hansen, Conrad, et al. (2016). In this model, the responses of each grain to an 376 

imposed velocity-gradient tensor are individually modeled, tracking the orientation of each 377 

crystallographic axis as a function of strain. The relative rotation rates associated with each slip 378 

system were calibrated using experimental results from Hansen et al. (2014) and Hansen, Warren, 379 

et al. (2016). These experiments on dry olivine were conducted in extension and torsion with and 380 

without pre-existing textures. To reasonably reproduce the CPOs observed in the experiments, the 381 

[100](010) and [100](001) slip-system rotation rates are set to nearly equal (Hansen, Conrad, et 382 

al., 2016), similar to other modeling studies that have used equal critical resolved shear stresses 383 

for those two slip systems to reproduce natural and experimental CPOs (e.g., Tommasi et al., 384 

1999). The other two slip systems implemented in the calculation, [001](010) and [001](100), are 385 

assigned slip-system rotation rates that are slower by nearly an order of magnitude or more. 386 

As a textural evolution model is not available for hydrous olivine, we use the relative slip-system 387 

rotation rates calibrated by Hansen, Conrad, et al. (2016) for dry olivine. Single-crystal 388 

experiments on olivine suggest that water unequally affects the strength of different slip systems 389 

and should thus affect their relative contributions to grain rotation (e.g., Karato, 1989; Mackwell 390 

et al., 1985), but the magnitude by which the strength of each slip system changes is not well 391 

constrained. In addition, since water concentrations are quite variable across the shear zones, the 392 
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relative strengths of the slip systems will vary from sample to sample, further complicating 393 

attempts to more precisely model textural evolution in the shear zones. Hence, application of the 394 

textural evolution model at dry conditions provides a baseline test of the influence of a pre-existing 395 

CPO, against which future models can be tested. 396 

Figure 8 depicts three simulations of olivine CPO evolution as a function of shear strain. The 397 

textural evolution model was run based on simple-shear kinematics with three different initial 398 

CPOs: a modeled random texture with 500 grains (Figure 8A), a low strain sample from SZP 399 

(3923-J06, Figure 8B), and the lowest strain SZA sample (JP10-M15, Figure 8C). The natural 400 

starting CPOs were chosen as they result from relatively low strain but allow us to observe how 401 

slight differences in the starting CPOs can affect CPO evolution.  402 

In all three simulations, texture strength increases with increasing shear strain, similar to 403 

experimental observations (e.g., Hansen et al., 2014; Hansen, Warren, et al., 2016). This is counter 404 

to our natural samples, which do not show strong correlations between texture strength and shear 405 

strain (Figure 6; Skemer et al., 2010; Warren et al., 2008). Olivine CPOs from other peridotite 406 

localities (e.g., Ben Ismaïl & Mainprice, 1998; Bernard et al., 2019) also exhibit similar texture 407 

strengths to our samples, though strain is unquantified in these examples. The overprediction of 408 

texture strength by the Hansen, Conrad et al. (2016) model is observed in other texture models 409 

(e.g., VPSC in Signorelli & Tommasi, 2015). The differences between natural samples and 410 

experimental samples in this regard remains unclear but may reflect the multiphase lithology of 411 

the natural samples. 412 

The model broadly reproduces the observed behavior of the [100] axes in the shear zones. Strong 413 

[100]-axis orientations are developed at a shear strain < 4, and this average [100]-axis maximum 414 

quickly rotates to become subparallel to the shear direction. Although this rotation occurs more 415 

rapidly in the models than in the natural samples, the high-strain [100]-axis orientations are similar 416 

to those observed in the shear zones. 417 

The [010] and [001] axes also evolve rapidly in the simulations compared to the natural samples, 418 

reaching steady-state orientations representative of an A-type texture at a strain of ~4 (Figure 8). 419 

Prior to reaching steady-state, however, the evolution of the [010] and [001] axes exhibit 420 

variability from simulation to simulation. With JP10-M15 as the pre-existing texture, the [010] 421 

axes start subparallel to the z-axis and slowly become slightly girdled toward the y-axis (Figure 8). 422 
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The [001] axes have the opposite behavior, with the average orientation beginning subparallel to 423 

the y-axis and slowly becoming more girdled towards the z-axis. 424 

Using 3923-J06 as the pre-existing texture, we observe more complicated behavior (Figure 8). 425 

3923-J06 has dual maxima in both the [100] and the [001] axes (Figure 4). As strain increases, 426 

orientations more favorable for slip systems with [100] Burgers vectors begin to dominate the 427 

orientation distribution, and the second maximum, initially oriented perpendicular to the first 428 

maximum, disappears. Only one of the [100]-maxima and one of the [001]-maxima persist beyond 429 

a strain of 1. Interestingly, the maxima that persist are better oriented for [100](001) slip. However, 430 

with increasing strain, girdles develop in the [010]- and [001]-axis orientations, and by a strain of 431 

6, an A-type texture dominates the CPO. 432 

These results indicate that the presence of a pre-existing CPO can have a strong effect on CPO 433 

evolution at strains < 5, most notably in the behavior of the [010] and [001] axes. At higher strains, 434 

however, a pre-existing texture does not explain the protracted evolution of the [010] and [001] 435 

axes in the Fresno Bench shear zones, particularly the E-type CPOs in the highest-strain samples. 436 

5.3. The influence of kinematics 437 

Thus far, we have assumed that the Fresno Bench shear zones deformed in simple shear, an 438 

idealized framework often used for evaluating shear zone deformation (e.g., Davis, 1983; Herren, 439 

1987; Ramsay, 1980; Skemer et al., 2010). However, recent studies on natural mantle rocks 440 

(Bernard et al., 2019; Chatzaras et al., 2016) have suggested that strain geometry, rather than stress 441 

or water content, may control a large range of olivine CPO observations. Additionally, studies of 442 

crustal shear zones have often identified more complex kinematics in areas where sufficient strain 443 

markers are available (e.g., De Paola et al., 2008; Nevitt et al., 2014).   444 

With only a single strain marker (the deflection of the pyroxene foliation), the contribution of pure 445 

shear to the development of the Fresno Bench shear zones is unconstrained, but we can still 446 

evaluate how different kinematics may have affected CPO evolution in these samples using 447 

modeling techniques. For instance, Tommasi et al. (1999) used a viscoplastic self-consistent model 448 

to explore the role of deformation kinematics on the evolution of olivine CPOs up to equivalent 449 

strains of 1. In their models, simple shear combined with a component of pure shear, corresponding 450 
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to extension in the y direction and compression in the z direction, produces a [010]-axis maximum 451 

parallel to the z-axis, equivalent to an E-type CPO. 452 

We used the director-based textural evolution model from Hansen, Conrad, et al. (2016) with JP10-453 

M15 (SZA initial texture) as the starting texture and the same slip-system rotation rates as 454 

implemented in Section 5.2 and Figure 8. The relative contribution of pure shear relative to simple 455 

shear was tested at 1% and 15%, producing the textural evolutions presented in Figure 9. In each 456 

series, pure shear is defined as equal extension in x (εxx) and y (εyy) plus shortening in z (εzz) to 457 

maintain constant volume. The shear strain (εxy) measured by foliation deflection is unchanged by 458 

the pure shear component as εxx = εyy. Hence, samples can be directly compared to the model 459 

outputs at the same shear strains. 460 

The simulations presented in Figure 9 approximately reproduce several key characteristics of the 461 

natural shear-zone evolution in Figures 3–5. First, the [010] and [001] axes remain girdled up to 462 

high strains. The dominance of axis orientations representative of [100](010) slip vs [100](001) 463 

slip is a function of the magnitude of pure shear relative to simple shear. When pure shear is a very 464 

small component of the deformation (e.g., Figure 9A), the A-type texture ultimately dominates at 465 

high strain, as expected for simple shear. However, when a pure shear component is included such 466 

that εxx = εyy = -0.5εzz = 15% εxy (Figure 9B), the high-strain texture is more representative of the 467 

E-type CPO. 468 

Another feature of the model outcomes is that at high shear strain (>8), the average orientation of 469 

the [100] axes is rotated past the shear plane (Figure 9). This feature is present even when the pure 470 

shear component is only 1% of the magnitude of the simple shear component. The rotation of the 471 

[100]-axis maximum past the shear plane is consistent with the olivine CPOs observed in SZA 472 

(Figure 3) and SZG (Figure 5), as well as other natural and experimental observations of E-type 473 

CPOs (e.g., Bernard & Behr, 2017; Katayama et al., 2004; Mehl et al., 2003). The rotation of the 474 

[100]-axis maximum past the shear plane has previously been difficult to explain, and the predicted 475 

presence of this rotation with even a small proportion of pure shear is a promising aspect of the 476 

textural evolution simulations. However, at these strains, the [010]- and [001] axes acquire some 477 

orientations in faint girdles that have not been observed in natural or experimental samples (Figure 478 

9). The appearance of these orientations is possibly due to the exclusion of dynamic 479 

recrystallization in the model (cf. Signorelli & Tommasi, 2015). The complex girdling of these 480 
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axis orientations at high strain suggests that this model requires further calibration and refinement, 481 

particularly for non-simple shear kinematics. 482 

These simulations demonstrate that the texture variation we observe in the Fresno Bench shear 483 

zones can be explained by incorporating a component of pure shear in the deformation. Thus, the 484 

dominance of an A-type texture or E-type texture may depend more on the magnitude of the pure 485 

shear component relative to simple shear, as well as the magnitude of the finite shear strain, than 486 

on the water content. 487 

5.4. Implications for interpreting seismic anisotropy 488 

Understanding the controls on the formation and evolution of olivine CPO during mantle flow is 489 

critical for interpreting seismic anisotropy. However, observed patterns of seismic anisotropy do 490 

not always agree with models that predict CPO formation associated with mantle flow (e.g., Becker 491 

et al., 2014). In particular, the misfit between observed azimuthal anisotropy and the CPO model 492 

of Becker et al. (2008) is the highest in the vicinity of plate boundaries. Our evaluation of the 493 

Josephine shear zones provides insight on the mechanisms leading to either A-type or E-type 494 

CPOs. While these two CPO types do not produce different shear-wave splitting directions during 495 

subhorizontal shearing, they do result in different magnitudes of azimuthal and radial anisotropy 496 

(e.g., Becker et al., 2008). In addition, during vertical shearing, the A-type and E-type CPOs will 497 

produce markedly different shear-wave splitting directions. 498 

Our results indicate that the transition between A-type and E-type CPOs can be dependent on both 499 

the pre-existing texture and deformation kinematics. These two factors are particularly pertinent 500 

at plate boundaries at which flow directions can vary over relatively small length scales and 501 

deformation can depart from simple shear. For instance, corner flow beneath mid-ocean ridges 502 

requires textures initially formed during upwelling to be subsequently overprinted by textures 503 

formed during horizontal shearing (e.g. Castelnau et al., 2009). As another example, at highly 504 

arcuate subduction zones, such as the Indonesian region (e.g. Di Leo et al., 2012), the complex 505 

tectonic arrangements could lead to deformation kinematics aside from simple shear. Thus, taking 506 

these factors into account may improve the agreement between observations of seismic anisotropy 507 

and predictions from geodynamic models. 508 
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6. Conclusions 509 

A detailed investigation of three shear zones (SZA, SZG, and SZP) highlights the complex 510 

evolution of olivine CPO as a function of strain in ductile upper mantle shear zones in the Fresno 511 

Bench outcrop of the Josephine Peridotite. Microstructural analysis indicates that [100](010) and 512 

[100](001) are the dominant slip systems active in these samples, and that both slip systems are 513 

active in all samples. The relative dominance of one slip system over the other, previously 514 

suggested to be a function of water content, cannot be directly reconciled with the water 515 

concentrations present in these shear zones. Samples with A-type CPOs can have the same water 516 

contents as samples with E-type CPOs. Instead, we demonstrate that the presence of a texture prior 517 

to shear zone formation can have a large effect on the textural evolution at relatively low strains 518 

and can explain the E-type CPOs observed in the shear zones up to strains of ~2. In addition, 519 

incorporating pure shear in addition to simple shear can reproduce many details of the CPO 520 

evolution in the shear zones, including girdled [010] and [001] axes at low strain, the presence of 521 

an E-type CPO at high strain, and the tilt of the [100] axes past the shear plane at high strain in 522 

SZA. We suggest that a combination of a pre-existing CPO and kinematics departing from simple 523 

shear are the dominant controls on olivine CPO evolution in the Fresno Bench shear zones. 524 
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Figure Captions 534 

 535 

 536 

Figure 1. The two main slip systems observed in the Fresno Bench shear zones, along with the 537 

CPO and misorientation axis orientations expected from the activation of these slip system during 538 

simple shear. The colored lines in the dominant slip systems denote the relevant slip plane. The 539 

CPOs are a schematic representation of the expected average crystal orientations after deformation, 540 

with the horizontal line representing the shear plane. The coordinate system for the axes are labeled 541 

in the [001] pole figures and are the same for each pole figure. In this coordinate system, x is 542 

parallel to the shear direction, and y is the pole to the shear plane. The shear sense is right lateral. 543 

Schematic orientations of the expected low-angle misorientation axes are plotted in the 544 

misorientation-axis inverse pole figures (MIPFs). After Skemer et al. (2012). 545 



Confidential revised manuscript submitted to Journal of Geophysical Research: Solid Earth 

21 

 546 

Figure 2: (a) The location of the Josephine Peridotite in Oregon. (b) The Fresno Bench outcrop 547 

(star) in the Josephine Peridotite (green). Other ultramafic units are in grey. Fresno Bench is 548 

located at 42˚10’20”N, 123˚58’53”W. After Skemer et al. (2013). (c) A map of the locations of 549 

shear zones on the Fresno Bench outcrop. The three analyzed shear zones are marked by bold lines, 550 

with the orientation indicating the strike of the shear plane. Thinner black lines represent the shear 551 

planes of other shear zones in the Fresno Bench outcrop. The same length line is used to indicate 552 

the location of each shear zone and does not indicate the size of the exposure. (d) Field photos of 553 

a portion of the three analyzed shear zones in the field. White dashed lines indicate the orientation 554 

of the pyroxene foliation. 555 

 556 
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 557 

Figure 3. Pole figures of crystal orientations and inverse pole figures of low-angle misorientation 558 

axes for olivine in each sample in SZA organized as a function of strain. All pole figures are lower 559 

hemisphere, equal-area projections. The sense of shear is right-lateral. JP10-M08 and JP10-M08-560 

KK are two sections from the same sample. For each CPO, individual points represent the average 561 

orientation of each grain, and they are colored by multiples of a uniform distribution (MUD). The 562 

maximum MUD for each axis is presented to the upper right of each pole figure. Stars represent 563 

λ1, the average orientation of a crystallographic axis based on eigenvalue analysis (Woodcock, 564 

1977). Squares represent λ3, the pole to the plane that best fits all of the orientations of that axis. 565 

The foliation measured in the field for each sample is shown as a black great circle. The horizontal 566 

dashed line represents the shear plane. Inverse pole figures of low-angle misorientation axes are 567 

also colored by MUD. 568 
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 569 

Figure 4. Pole figures of crystal orientations and inverse pole figures of low-angle misorientations 570 

for olivine in harzburgite samples from SZP organized as a function of strain. Data from this study 571 

and Hansen and Warren (2015). Annotations are the same as in Figure 3. 572 

 573 

Figure 5. Pole figures of crystal orientations and inverse pole figures of low-angle misorientation 574 

axes for olivine in samples from SZG. 3925-G02-f is from the finer-grained portion of 3925-G02. 575 

Annotations are the same as in Figure 3. 576 

 577 

 578 
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579 

Figure 6. Microstructural variations as a function of strain in the Fresno Bench shear zones. Strain 580 

is capped at 20 in all plots. (a–c) The shape parameter, K, of each olivine axis as a function of 581 

strain. The dashed line indicates the boundary between point maxima (K>1) and girdled textures 582 

(K<1). (d) Grain size vs strain. Grain sizes are calculated using the linear-intercept method and 583 

reported with a geometric correction factor of 1.5. (e) Subgrain size vs strain. Subgrain sizes are 584 

also reported with a geometric correction factor of 1.5. (f) M-index vs strain. 585 

 586 

 587 
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 588 

Figure 7. (a) CPO type and associated dominant slip system, as a function of water content and 589 

differential stress, after Jung et al. (2006). Circles are experiments from Jung et al. (2006), Jung 590 

and Karato (2001), and Katayama et al. (2004) and are colored by CPO type. The filled field 591 

represents the conditions of experiments from Zhang and Karato (1995) which produced A-type 592 

CPOs. Data from the Fresno Bench shear zones plot at low water and low stress relative to the 593 

experiments. Water concentrations from previous studies are multiplied by a factor of 3 to account 594 

for differences in data reduction between the Paterson (1982) calibration used by Jung and co-595 

workers (Jung et al., 2006; Jung & Karato, 2001; Katayama et al., 2004) and the Bell et al. (2003) 596 

calibration that forms the basis of measurements of the Josephine samples (Kumamoto et al., in 597 

revision). (b) CPO data for samples from the Fresno Bench shear zones as a function of their water 598 

content and differential stress. The water content in olivine is calculated from the measured water 599 

content in orthopyroxene using an experimental mineral-mineral partition coefficient of 0.11 600 

(Aubaud et al., 2004; Hauri et al., 2006; Tenner et al., 2009). Error bars on water contents are 1σ 601 

uncertainties. The dashed black line is the theoretical boundary between A-type and E-type CPOs 602 

from Jung et al. (2006). Some olivine CPOs from this study are classified as ambiguous, as they 603 

show significant girdling, dual maxima, or maxima intermediate between those associated with A-604 

type and E-type textures. 605 

 606 

 607 
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 608 

Figure 8. Results from the textural evolution model for olivine CPOs for three different initial 609 

textures. The starting CPOs are (a) a random texture, (b) the texture of 3923-J06, a low-strain 610 

sample from SZP, and (c) the texture of JP10-M15, a low-strain sample from SZA. The horizontal 611 

white dashed line represents the shear plane. Stars represent λ1 and squares represent λ3 (analysis 612 

following Woodcock, 1977), as in Figures 3–5. All pole figures are colored by MUD to a 613 

maximum of 10. 614 
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                                                              615 

Figure 9. Results of textural evolution simulations in which different magnitudes of pure shear 616 

were added to simple shear, using JP10-M15 from SZA as the starting texture. The magnitude of 617 

pure shear is set to be a specific percentage of the simple shear: (a) εxx = εyy = 1% εxy and εzz = –618 

2% εxy and (b) εxx = εyy = 15% εxy and εzz = –30% εxy. The horizontal white dashed line represents 619 

the shear plane. Stars represent λ1 and squares represent λ3 (analysis following Woodcock, 1977), 620 

as in Figures 3–5. All pole figures are colored by MUD to a maximum of 10.  621 
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Table 622 

Table 1. Microstructural Data for Each Sample in this Study 623 

 Lithology Strain 
Grain size 

(µm) 

Subgrain 

size (µm) 

Stress 

(MPa) 
M-index 

Opx H2O 

(ppm) 

Ol H2O 

(ppm H/Si) 
CPO type 

SZA          

JP10-M15 Harz 0 444 194 7.0 0.14 259 ± 23 456 ± 40 ambiguous 

JP10-M14 Harz 0.07 371 189 7.1 0.08 279 ± 31 491 ± 55 E-type 

JP10-M13 Harz 0.31 510 209 6.4 0.11 251 ± 28 442 ± 49 E-type 

JP10-M12 Harz 0.84 535 152 8.9 0.11 199 ± 22 350 ± 39 ambiguous 

JP10-M11 Harz 1.36 342 140 9.6 0.03 226 ± 13 398 ± 23 A-type 

JP10-M10 Harz 2.99 336 144 9.4 0.10 226 ± 8 398 ± 14 ambiguous 

JP10-M09 Harz 8.88 297 129 10.5 0.11 180 ± 9 317 ± 16 E-type 

JP10-M06 Harz 11.4 360 133 10.1 0.14 334 ± 14 588 ± 25 A-type 

JP10-M08 Harz 20 184 99 13.6 0.11 194 ± 10 341 ± 18 E-type 

JP10-M08-KK Harz 20 171 109 12.3 0.05 194 ± 10 341 ± 18 E-type 

          

SZG          

JP08-PS01 Harz 0 520 250 5.4 0.08 265 ± 28 466 ± 49 ambiguous 

3925-G02 Harz 20 384 172 7.9 0.26 231 ± 16 407 ± 28 E-type 

3925-G02-f Harz 20 250 162 8.3 0.13 231 ± 16 407 ± 28 E-type 

          

SZP          

3923-J01 Harz 0 493 148 9.1 0.08 --- --- ambiguous 

3923-J06 Harz 0.32 317 147 9.2 0.06 --- --- ambiguous 

3923-J07 Dun 0.32 566 136 9.9 0.17 --- --- ambiguous 

3923-J11 Harz 0.65 384 147 9.2 0.06 244 ± 18 429 ± 32 A-type 

3923-J08 Dun 0.81 368 111 12.1 0.09 --- --- A-type 

3923-J09 Harz 0.81 533 134 10.0 0.14 --- --- A-type 

3923-J13 Harz 1.18 365 139 9.7 0.11 250 ± 30 440 ± 53 ambiguous 

3923-J14 Harz 1.37 370 176 7.7 0.07 275 ± 17 484 ± 30 E-type 

3924-J10 Harz 1.68 348 152 8.9 0.10 312 ± 29 549 ± 51 ambiguous 

3924-J05 Dun 2.58 475 100 13.5 0.23 --- --- ambiguous 

3924-J06 Harz 2.58 372 129 10.4 0.16 229 ± 20 403 ± 35 ambiguous 

3924-J03a Harz 3.37 504 142 9.5 0.15 --- --- A-type 

3924-J03b Dun 3.37 611 113 12.0 0.34 --- --- E-type 

3924-J09a Harz 3.86 358 163 8.3 0.11 252 ± 10 444 ± 18 A-type 

3924-J09b Dun 3.86 610 128 10.5 0.13 --- --- ambiguous 

3924-J07 Dun 5.25 593 95 14.2 0.27 --- --- E-type 

3924-J08 Harz 5.25 448 118 11.4 0.16 214 ± 13 377 ± 23 A-type 

 624 

Note. Stress is calculated based on subgrain size using the piezometer of Toriumi (1979). Water 625 

concentrations in olivine are calculated from orthopyroxene water concentrations (Kumamoto et 626 

al., in revision). 627 

  628 



Confidential revised manuscript submitted to Journal of Geophysical Research: Solid Earth 

29 

References 629 

Aubaud, C., Hauri, E. H., & Hirschmann, M. M. (2004). Hydrogen partition coefficients between 630 

nominally anhydrous minerals and basaltic melts. Geophysical Research Letters, 31(L20611). 631 

https://doi.org/10.1029/2004GL021341 632 

Bachmann, F., Hielscher, R., & Schaeben, H. (2010). Texture Analysis with MTEX – Free and Open 633 

Source Software Toolbox. Solid State Phenomena, 160, 63–68. 634 

https://doi.org/10.4028/www.scientific.net/SSP.160.63 635 

Becker, T. W., Kustowski, B., & Ekström, G. (2008). Radial seismic anisotropy as a constraint for upper 636 

mantle rheology. Earth and Planetary Science Letters, 267(1), 213–227. 637 

https://doi.org/10.1016/j.epsl.2007.11.038 638 

Becker, T. W., Conrad, C. P., Schaeffer, A. J., & Lebedev, S. (2014). Origin of azimuthal seismic 639 

anisotropy in oceanic plates and mantle. Earth and Planetary Science Letters, 401, 236–250. 640 

https://doi.org/10.1016/j.epsl.2014.06.014 641 

Behr, W. M., & Hirth, G. (2014). Rheological properties of the mantle lid beneath the Mojave region in 642 

southern California. Earth and Planetary Science Letters, 393, 60–72. 643 

https://doi.org/10.1016/j.epsl.2014.02.039 644 

Bell, D. R., Rossman, G. R., Maldener, J., Endisch, D., & Rauch, F. (2003). Hydroxide in olivine: A 645 

quantitative determination of the absolute amount and calibration of the IR spectrum. Journal of 646 

Geophysical Research, 108(B2), 672. https://doi.org/10.1029/2001JB000679 647 

Ben Ismaïl, W., & Mainprice, D. (1998). An olivine fabric database: an overview of upper mantle fabrics 648 

and seismic anisotropy. Tectonophysics, 296(1), 145–157. https://doi.org/10.1016/S0040-649 

1951(98)00141-3 650 

Bernard, R. E., & Behr, W. M. (2017). Fabric heterogeneity in the Mojave lower crust and lithospheric 651 

mantle in Southern California. Journal of Geophysical Research: Solid Earth, 122(7), 5000–5025. 652 

https://doi.org/10.1002/2017JB014280 653 



Confidential revised manuscript submitted to Journal of Geophysical Research: Solid Earth 

30 

Bernard, R. E., Behr, W. M., Becker, T. W., & Young, D. J. (2019). Relationships between olivine CPO 654 

and deformation parameters in naturally deformed rocks and implications for mantle seismic 655 

anisotropy. Geochemistry, Geophysics, Geosystems, 20. https://doi.org/10.1029/2019GC008289 656 

Boneh, Y., & Skemer, P. (2014). The effect of deformation history on the evolution of olivine CPO. 657 

Earth and Planetary Science Letters, 406, 213–222. https://doi.org/10.1016/j.epsl.2014.09.018 658 

Bunge, H. (1982). Texture Analysis in Materials Science: Mathematical Methods. London: Butterworth 659 

and Co. 660 

Bystricky, M., Kunze, K., Burlini, L., & Burg, J. (2000). High shear strain of olivine aggregates: 661 

rheological and seismic consequences. Science, 290(5496), 1564–1567. 662 

https://doi.org/10.1126/science.290.5496.1564 663 

Castelnau, O., Blackman, D. K., & Becker, T. W. (2009). Numerical simulations of texture development 664 

and associated rheological anisotropy in regions of complex mantle flow. Geophysical Research 665 

Letters, 36(12), 851. https://doi.org/10.1029/2009GL038027 666 

Chatzaras, V., Kruckenberg, S. C., Cohen, S. M., Medaris Jr., L. G., Withers, A. C., & Bagley, 667 

B. (2016) Axial-type olivine crystallographic preferred orientations: The effect of strain 668 

geometry on mantle texture. Journal of Geophysical Research: Solid Earth, 121, 4895–669 

4922. https://doi.org/10.1002/2015JB012628 670 

Chin, E. J., Soustelle, V., Hirth, G., Saal, A. E., Kruckenberg, S. C., & Eiler, J. M. (2016). 671 

Microstructural and geochemical constraints on the evolution of deep arc lithosphere. Geochemistry, 672 

Geophysics, Geosystems, 17(7), 2497–2521. https://doi.org/10.1002/2015GC006156 673 

Davis, G. H. (1983). Shear-zone model for the origin of metamorphic core complexes. Geology, 11(6), 674 

342–347. 675 

De Paola, N., Holdsworth, R. E., & Collettini, C. (2008). The Internal Structure of Dilational Stepovers in 676 

Regional Transtension Zones. International Geology Review, 50(3), 291–304. 677 

https://doi.org/10.2747/0020-6814.50.3.291 678 

http://paperpile.com/b/PjIrIe/q0zO
http://paperpile.com/b/PjIrIe/q0zO
http://paperpile.com/b/PjIrIe/q0zO
http://paperpile.com/b/PjIrIe/q0zO


Confidential revised manuscript submitted to Journal of Geophysical Research: Solid Earth 

31 

Dick, H. J. B. (1977). Partial melting in the Josephine Peridotite; I, The effect on mineral composition and 679 

its consequence for geobarometry and geothermometry. American Journal of Science, 277(7), 801–680 

832. https://doi.org/10.2475/ajs.277.7.801 681 

Di Leo, J. F., Wookey, J., Hammond, J. O. S., Kendall, J.-M., Kaneshima, S., Inoue, H., et al. (2012). 682 

Mantle flow in regions of complex tectonics: Insights from Indonesia. Geochemistry, Geophysics, 683 

Geosystems, 13(12). https://doi.org/10.1029/2012GC004417 684 

Drury, M. R. (2005). Dynamic recrystallization and strain softening of olivine aggregates in the 685 

laboratory and the lithosphere. In D. Gapais, J. P. Brun, & P. R. Cobbold (Eds.), Deformation 686 

Mechanisms, Rheology, and Tectonics: from Minerals to the Lithosphere (Vol. 243, pp. 143–158). 687 

Geological Society of London. https://doi.org/10.1144/GSL.SP.2005.243.01.11 688 

Durham, W. B., & Goetze, C. (1977). Plastic flow of oriented single crystals of olivine: 1. Mechanical 689 

data. Journal of Geophysical Research, 82(36), 5737–5753. 690 

https://doi.org/10.1029/JB082i036p05737 691 

Garcia, M. O. (1982). Petrology of the Rogue River island-arc complex, Southwest Oregon. American 692 

Journal of Science, 282(6), 783–807. https://doi.org/10.2475/ajs.282.6.783 693 

Grant, K. J., Kohn, S. C., & Brooker, R. A. (2006). Solubility and partitioning of water in synthetic 694 

forsterite and enstatite in the system MgO–SiO2–H2O±Al2O3. Contributions to Mineralogy and 695 

Petrology. Beitrage Zur Mineralogie Und Petrologie, 151(6), 651–664. 696 

https://doi.org/10.1007/s00410-006-0082-7 697 

Hansen, L. N., & Warren, J. M. (2015). Quantifying the effect of pyroxene on deformation of peridotite in 698 

a natural shear zone. Journal of Geophysical Research: Solid Earth, 120(4), 2717–2738. 699 

https://doi.org/10.1002/2014JB011584 700 

Hansen, L. N., Zimmerman, M. E., & Kohlstedt, D. L. (2011). Grain boundary sliding in San Carlos 701 

olivine: Flow law parameters and crystallographic-preferred orientation. Journal of Geophysical 702 

Research, 116(B8), 149. https://doi.org/10.1029/2011JB008220 703 

Hansen, L. N., Zimmerman, M. E., & Kohlstedt, D. L. (2012). The influence of microstructure on 704 



Confidential revised manuscript submitted to Journal of Geophysical Research: Solid Earth 

32 

deformation of olivine in the grain-boundary sliding regime. Journal of Geophysical Research, 705 

117(B9), 149. https://doi.org/10.1029/2012JB009305 706 

Hansen, L. N., Zhao, Y. H., Zimmerman, M. E., & Kohlstedt, D. L. (2014). Protracted fabric evolution in 707 

olivine: Implications for the relationship among strain, crystallographic fabric, and seismic 708 

anisotropy. Earth and Planetary Science Letters, 387, 157–168. 709 

https://doi.org/10.1016/j.epsl.2013.11.009 710 

Hansen, L. N., Conrad, C. P., Boneh, Y., Skemer, P., Warren, J. M., & Kohlstedt, D. L. (2016). Viscous 711 

anisotropy of textured olivine aggregates: 2. Micromechanical model. Journal of Geophysical 712 

Research: Solid Earth, 121(10), 7137–7160. https://doi.org/10.1002/2016JB013240 713 

Hansen, L. N., Warren, J. M., Zimmerman, M. E., & Kohlstedt, D. L. (2016). Viscous anisotropy of 714 

textured olivine aggregates, Part 1: Measurement of the magnitude and evolution of anisotropy. 715 

Earth and Planetary Science Letters, 445, 92–103. https://doi.org/10.1016/j.epsl.2016.04.008 716 

Harding, D. J. (1988). Josephine peridotite tectonites: A record of upper-mantle plastic flow (Ph.D.). 717 

Cornell University. 718 

Harper, G. D. (1984). The Josephine ophiolite, northwestern California. GSA Bulletin, 95(9), 1009–1026. 719 

https://doi.org/2.0.CO;2">10.1130/0016-7606(1984)95<1009:TJONC>2.0.CO;2 720 

Hauri, E. H., Gaetani, G., & Green, T. (2006). Partitioning of water during melting of the Earth’s upper 721 

mantle at H2O-undersaturated conditions. Earth and Planetary Science Letters, 248(3-4), 715–734. 722 

https://doi.org/10.1016/j.epsl.2006.06.014 723 

Herren, E. (1987). Zanskar shear zone: Northeast-southwest extension within the Higher Himalayas 724 

(Ladakh, India). Geology, 15(5), 409–413. https://doi.org/2.0.CO;2">10.1130/0091-725 

7613(1987)15<409:ZSZNEW>2.0.CO;2 726 

Hess, H. H. (1964). Seismic Anisotropy of the Uppermost Mantle under Oceans. Nature, 203, 629. 727 

https://doi.org/10.1038/203629a0 728 

Himmelberg, G. R., & Loney, R. A. (1973). Petrology of the Vulcan Peak Alpine-Type Peridotite, 729 

Southwestern Oregon. GSA Bulletin, 84(5), 1585–1600. https://doi.org/2.0.CO;2">10.1130/0016-730 



Confidential revised manuscript submitted to Journal of Geophysical Research: Solid Earth 

33 

7606(1973)84<1585:POTVPA>2.0.CO;2 731 

Holtzman, B. K., Kohlstedt, D. L., Zimmerman, M. E., Heidelbach, F., Hiraga, T., & Hustoft, J. (2003). 732 

Melt segregation and strain partitioning: implications for seismic anisotropy and mantle flow. 733 

Science, 301(5637), 1227–1230. https://doi.org/10.1126/science.1087132 734 

Humphreys, F. J., Bate, P. S., & Hurley, P. J. (2001). Orientation averaging of electron backscattered 735 

diffraction data. Journal of Microscopy, 201(Pt 1), 50–58. https://doi.org/10.1046/j.1365-736 

2818.2001.00777.x 737 

Jung, H., & Karato, S.-I. (2001). Water-induced fabric transitions in olivine. Science, 293(5534), 1460–738 

1463. https://doi.org/10.1126/science.1062235 739 

Jung, H., Katayama, I., Jiang, Z., Hiraga, T., & Karato, S.-I. (2006). Effect of water and stress on the 740 

lattice-preferred orientation of olivine. Tectonophysics, 421(1), 1–22. 741 

https://doi.org/10.1016/j.tecto.2006.02.011 742 

Karato, S.-I. (1989). Defects and plastic deformation in olivine. In S.-I. Karato & M. Toriumi (Eds.), 743 

Rheology of Solids and of the Earth (pp. 176–208). 744 

Karato, S.-I., Toriumi, M., & Fujii, T. (1980). Dynamic recrystallization of olivine single crystals during 745 

high-temperature creep. Geophysical Research Letters, 7(9), 649–652. 746 

https://doi.org/10.1029/GL007i009p00649 747 

Karato, S.-I., Jung, H., Katayama, I., & Skemer, P. (2008). Geodynamic Significance of Seismic 748 

Anisotropy of the Upper Mantle: New Insights from Laboratory Studies. Annual Review of Earth 749 

and Planetary Sciences, 36(1), 59–95. https://doi.org/10.1146/annurev.earth.36.031207.124120 750 

Katayama, I., Jung, H., & Karato, S.-I. (2004). New type of olivine fabric from deformation experiments 751 

at modest water content and low stress. Geology, 32(12), 1045–1048. 752 

https://doi.org/10.1130/G20805.1 753 

Katayama, I., & Karato, S.-I. (2006) Effect of temperature on the B- to C-type olivine fabric transition 754 

and implication for flow pattern in subduction zones. Physics of the Earth and Planetary Interiors, 755 

157(1–2), 33–45. https://doi.org/10.1016/j.pepi.2006.03.005  756 



Confidential revised manuscript submitted to Journal of Geophysical Research: Solid Earth 

34 

Kelemen, P. B., & Dick, H. J. B. (1995). Focused melt flow and localized deformation in the upper 757 

mantle: Juxtaposition of replacive dunite and ductile shear zones in the Josephine peridotite, SW 758 

Oregon. Journal of Geophysical Research, 100(B1), 423–438. https://doi.org/10.1029/94JB02063 759 

Kumamoto, K. M., Warren, J. M., & Hauri, E. H. (in revison). Evolution of the Josephine Peridotite shear 760 

zones, Part 1: Compositional variation and shear initiation. Geochemistry, Geophysics, Geosystems. 761 

Lloyd, G. E., Farmer, A. B., & Mainprice, D. (1997). Misorientation analysis and the formation and 762 

orientation of subgrain and grain boundaries. Tectonophysics, 279(1), 55–78. 763 

https://doi.org/10.1016/S0040-1951(97)00115-7 764 

Loney, R. A., & Himmelberg, G. R. (1976). Structure of the Vulcan Peak alpine-type peridotite, 765 

southwestern Oregon. GSA Bulletin, 87(2), 259–274. https://doi.org/2.0.CO;2">10.1130/0016-766 

7606(1976)87<259:SOTVPA>2.0.CO;2 767 

Mackwell, S. J., Kohlstedt, D. L., & Paterson, M. S. (1985). The role of water in the deformation of 768 

olivine single crystals. Journal of Geophysical Research, 90(B13), 11319. 769 

https://doi.org/10.1029/JB090iB13p11319 770 

Mainprice, D., Tommasi, A., Couvy, H., Cordier, P., & Frost, D. J. (2005). Pressure sensitivity of olivine 771 

slip systems and seismic anisotropy of Earth’s upper mantle. Nature, 433(7027), 731–733. 772 

https://doi.org/10.1038/nature03266 773 

Mainprice, D., Bachmann, F., Hielscher, R., & Schaeben, H. (2014). Descriptive tools for the analysis of 774 

texture projects with large datasets using MTEX: strength, symmetry and components. In D. R. 775 

Faulkner, E. Mariani, & J. Mecklenburgh (Eds.), Rock Deformation from Field, Experiments, and 776 

Theory: A Volume in Honour of Ernie Rutter (Vol. 409, pp. 251–271). Geological Society of 777 

London. https://doi.org/10.1144/SP409.8 778 

Mehl, L., Hacker, B. R., Hirth, G., & Kelemen, P. B. (2003). Arc-parallel flow within the mantle wedge: 779 

Evidence from the accreted Talkeetna arc, south central Alaska. Journal of Geophysical Research, 780 

108(B8), 1–18. https://doi.org/10.1029/2002JB002233 781 

Mercier, J.-C. C., Anderson, D. A., & Carter, N. L. (1977). Stress in the Lithosphere: Inferences from 782 



Confidential revised manuscript submitted to Journal of Geophysical Research: Solid Earth 

35 

Steady State Flow of Rocks. Pure and Applied Geophysics, 115(1-2), 199–226. 783 

https://doi.org/10.1007/978-3-0348-5745-1_12 784 

Nevitt, J. M., Warren, J. M., Kumamoto, K. M., & Pollard, D. D. (2019). Using geologic structures to 785 

constrain constitutive laws not accessible in the laboratory. Journal of Structural Geology, 125, 55–786 

63. https://doi.org/10.1016/j.jsg.2018.06.006 787 

Nevitt, J. M., Pollard, D. D., & Warren, J. M. (2014). Evaluation of transtension and transpression within 788 

contractional fault steps: Comparing kinematic and mechanical models to field data. Journal of 789 

Structural Geology, 60, 55–69. https://doi.org/10.1016/j.jsg.2013.12.011 790 

Nicolas, A., & Christensen, N. I. (1987). Formation of anisotropy in upper mantle peridotites: A review. 791 

In K. Fuchs & C. Froidevaux (Eds.), Composition, Structure and Dynamics of the Lithosphere‐792 

Asthenosphere System (Vol. 16, pp. 111–123). Washington, D. C.: American Geophysical Union. 793 

https://doi.org/10.1029/GD016p0111 794 

Nicolas, A., Boudier, F., & Boullier, A. M. (1973). Mechanisms of flow in naturally and experimentally 795 

deformed peridotites. American Journal of Science, 273(10), 853–876. 796 

https://doi.org/10.2475/ajs.273.10.853 797 

O’Leary, J. A., Gaetani, G. A., & Hauri, E. H. (2010). The effect of tetrahedral Al3+ on the partitioning 798 

of water between clinopyroxene and silicate melt. Earth and Planetary Science Letters, 297(1), 111–799 

120. https://doi.org/10.1016/j.epsl.2010.06.011 800 

Paterson, M. S. (1982). The determination of hydroxyl by infrared adsorption in quartz, silicate glasses 801 

and similar materials. Bulletin de Mineralogie, 105, 20–29. 802 

Peslier, A. H. (2010). A review of water contents of nominally anhydrous natural minerals in the mantles 803 

of Earth, Mars and the Moon. Journal of Volcanology and Geothermal Research, 197(1), 239–258. 804 

https://doi.org/10.1016/j.jvolgeores.2009.10.006 805 

Qi, C., Hansen, L. N., Wallis, D., Holtzman, B. K., & Kohlstedt, D. L. (2018). Crystallographic Preferred 806 

Orientation of Olivine in Sheared Partially Molten Rocks: The Source of the “a-c Switch.” 807 

Geochemistry, Geophysics, Geosystems, 19(2), 316–336. https://doi.org/10.1002/2017GC007309 808 



Confidential revised manuscript submitted to Journal of Geophysical Research: Solid Earth 

36 

Ramsay, J. G. (1980). Shear zone geometry: A review. Journal of Structural Geology, 2(1), 83–99. 809 

https://doi.org/10.1016/0191-8141(80)90038-3 810 

Ramsay, J. G., & Graham, R. H. (1970). Strain variation in shear belts. Canadian Journal of Earth 811 

Sciences, 7(3), 786–813. https://doi.org/10.1139/e70-078 812 

Recanati, A., Kurz, M. D., Warren, J. M., & Curtice, J. (2012). Helium distribution in a mantle shear zone 813 

from the Josephine Peridotite. Earth and Planetary Science Letters, 359-360, 162–172. 814 

https://doi.org/10.1016/j.epsl.2012.09.046 815 

Saleeby, J. B., Harper, G. D., Snoke, A. W., & Sharp, W. D. (1982). Time relations and structural-816 

stratigraphic patterns in ophiolite accretion, west central Klamath Mountains, California. Journal of 817 

Geophysical Research, 87(B5), 3831. https://doi.org/10.1029/JB087iB05p03831 818 

Signorelli, J., & Tommasi, A. (2015). Modeling the effect of subgrain rotation recrystallization on the 819 

evolution of olivine crystal preferred orientations in simple shear. Earth and Planetary Science 820 

Letters, 430, 356–366. https://doi.org/10.1016/j.epsl.2015.08.018 821 

Skemer, P., & Hansen, L. N. (2016). Inferring upper-mantle flow from seismic anisotropy: An 822 

experimental perspective. Tectonophysics, 668-669, 1–14. 823 

https://doi.org/10.1016/j.tecto.2015.12.003 824 

Skemer, P., Katayama, I., Jiang, Z., & Karato, S.-I. (2005). The misorientation index: Development of a 825 

new method for calculating the strength of lattice-preferred orientation. Tectonophysics, 411(1), 826 

157–167. https://doi.org/10.1016/j.tecto.2005.08.023 827 

Skemer, P., Warren, J. M., Kelemen, P. B., & Hirth, G. (2010). Microstructural and Rheological 828 

Evolution of a Mantle Shear Zone. Journal of Petrology, 51(1-2), 43–53. 829 

https://doi.org/10.1093/petrology/egp057 830 

Skemer, P., Warren, J. M., & Hirth, G. (2012). The influence of deformation history on the interpretation 831 

of seismic anisotropy. Geochemistry, Geophysics, Geosystems, 13(3). 832 

https://doi.org/10.1029/2011GC003988 833 

Skemer, P., Warren, J. M., Hansen, L. N., Hirth, G., & Kelemen, P. B. (2013). The influence of water and 834 



Confidential revised manuscript submitted to Journal of Geophysical Research: Solid Earth 

37 

LPO on the initiation and evolution of mantle shear zones. Earth and Planetary Science Letters, 375, 835 

222–233. https://doi.org/10.1016/j.epsl.2013.05.034 836 

Tasaka, M., Zimmerman, M. E., & Kohlstedt, D. L. (2017). Rheological Weakening of Olivine + 837 

Orthopyroxene Aggregates Due to Phase Mixing: 1. Mechanical Behavior. Journal of Geophysical 838 

Research: Solid Earth, 122(10), 7584–7596. https://doi.org/10.1002/2017JB014333 839 

Tenner, T. J., Hirschmann, M. M., Withers, A. C., & Hervig, R. L. (2009). Hydrogen partitioning 840 

between nominally anhydrous upper mantle minerals and melt between 3 and 5 GPa and applications 841 

to hydrous peridotite partial melting. Chemical Geology, 262(1), 42–56. 842 

https://doi.org/10.1016/j.chemgeo.2008.12.006 843 

Tommasi, A., Tikoff, B., & Vauchez, A. (1999). Upper mantle tectonics: three-dimensional deformation, 844 

olivine crystallographic fabrics and seismic properties. Earth and Planetary Science Letters, 168(1), 845 

173–186. https://doi.org/10.1016/S0012-821X(99)00046-1 846 

Tommasi, A., Mainprice, D., Canova, G., & Chastel, Y. (2000). Viscoplastic self-consistent and 847 

equilibrium-based modeling of olivine lattice preferred orientations: Implications for the upper 848 

mantle seismic anisotropy. Journal of Geophysical Research, 105(B4), 7893–7908. 849 

https://doi.org/10.1029/1999JB900411 850 

Toriumi, M. (1979). Relation between dislocation density and subgrain size of naturally deformed olivine 851 

in peridotites. Contributions to Mineralogy and Petrology. Beitrage Zur Mineralogie Und 852 

Petrologie, 68(2), 181–186. https://doi.org/10.1007/BF00371899 853 

Twiss, R. J. (1977). Theory and Applicability of a Recrystallized Grain Size Paleopiezometer. Pure and 854 

Applied Geophysics, 115(1-2), 227–244. https://doi.org/10.1007/978-3-0348-5745-1_13 855 

Underwood, E. E. (1970). Quantitative stereology. Addison-Wesley Publishing Company. 856 

Van der Wal, D., Chopra, P., Drury, M., & Gerald, J. F. (1993). Relationships between dynamically 857 

recrystallized grain size and deformation conditions in experimentally deformed olivine rocks. 858 

Geophysical Research Letters, 20(14), 1479–1482. https://doi.org/10.1029/93GL01382 859 

Warren, J. M., & Hauri, E. H. (2014). Pyroxenes as tracers of mantle water variations. Journal of 860 



Confidential revised manuscript submitted to Journal of Geophysical Research: Solid Earth 

38 

Geophysical Research: Solid Earth, 119(3), 1851–1881. https://doi.org/10.1002/2013JB010328 861 

Warren, J. M., & Hirth, G. (2006). Grain size sensitive deformation mechanisms in naturally deformed 862 

peridotites. Earth and Planetary Science Letters, 248(1), 438–450. 863 

https://doi.org/10.1016/j.epsl.2006.06.006 864 

Warren, J. M., Hirth, G., & Kelemen, P. B. (2008). Evolution of olivine lattice preferred orientation 865 

during simple shear in the mantle. Earth and Planetary Science Letters, 272(3), 501–512. 866 

https://doi.org/10.1016/j.epsl.2008.03.063 867 

Woodcock, N. H. (1977). Specification of fabric shapes using an eigenvalue method. GSA Bulletin, 88(9), 868 

1231–1236. https://doi.org/2.0.CO;2">10.1130/0016-7606(1977)88<1231:SOFSUA>2.0.CO;2 869 

Zeuch, D. H., & Green, H. W., II. (1984). Experimental deformation of a synthetic dunite at high 870 

temperature and pressure. I. Mechanical behavior, optical microstructure and deformation 871 

mechanism. Tectonophysics, 110(3), 233–262. https://doi.org/10.1016/0040-1951(84)90263-4 872 

Zhang, S., & Karato, S.-I. (1995). Lattice preferred orientation of olivine aggregates deformed in simple 873 

shear. Nature, 375, 774. https://doi.org/10.1038/375774a0 874 

Zhang, S., Karato, S.-I., Fitz Gerald, J., Faul, U. H., & Zhou, Y. (2000). Simple shear deformation of 875 

olivine aggregates. Tectonophysics, 316(1), 133–152. https://doi.org/10.1016/S0040-1951(99)00229-876 

2 877 

 878 


