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et al. 2002) and are an important rock type along passive 
continental margins (e.g. Debret et al. 2024), They also 
occur in subduction zones (e.g. Coleman 1971; Long and 
Becker 2010) or contact metamorphism of ultramafic rocks 
(e.g. Springer 1974).

Serpentine is a sheet silicate with a chemical compo-
sition (Mg,Fe)3[Si2O5](OH)4. There are three prevalent 
polymorphs, antigorite, lizardite and chrysotile as well as 
polyhedral polysomes. Pressure–temperature phase dia-
grams have been proposed (e.g. Day et al. 1985; Hilairet et 
al. 2006; Schwartz et al. 2013). It is generally recognized 
that antigorite occurs at higher metamorphic grade than 
lizardite (e.g. Caruso and Chernosky 1979; Evans et al. 
1976; Laurora et al. 2011; Moody 1976; Nestola et al. 2010; 
O’Hanley et al. 1989) and chrysotile forms at low pressure 
conditions (e.g. Cogulu and Laurent 1984; Evans 2004; 
Hemley et al. 1977; Viti and Mellini 1997). But serpentine 
may not crystallize in thermodynamic equilibrium (e.g. 
Evans 2010) and the polymorph that forms is influenced by 
many factors, including local water pressure, Al-content, 
Fe-content, local instabilities and silica activity (e.g. Bro-
miley and Pawley 2003; Chernosky et al. 1988; Frost and 
Beard 2007; Tarling et al. 2019) and variable iron oxida-
tion states (e.g. Andreani et al. 2007, 2013). Often there are 

Introduction

Serpentinite is a rock that has received considerable atten-
tion including a book (O’Hanley 1996) and many pub-
lications on various topics. It occurs all over the world in 
different tectonic settings. Serpentinite is a complex system, 
often heterogeneous at all scales as highlighted by Evans et 
al. (2013): “Serpentine: What, Why, Where?”.

Serpentinite rocks are composed mainly of the mineral 
serpentine and form as a result of transformation of mafic 
and ultramafic rocks along mid-oceanic ridges (e.g. Boschi 
et al. 2013; Kelley et al. 2005; Kuehn et al. 2021; Schroeder 
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Abstract
Serpentine minerals have received a lot of attention because of their unique crystal structures, their wide occurrence in 
orogenic belts and their potential role in contributing seismic anisotropy in subducting slabs. Several studies have inves-
tigated crystal preferred orientation (CPO) in high temperature antigorite serpentinites from Japan, the Alps, Spain, Cuba 
and Tibet, documenting significant crystal alignment. However, only a limited number of lower grade serpentines have 
been explored to date. Mainly because of submicroscopic microstructural heterogeneities CPO cannot be measured with 
conventional methods such as optical microscopy and EBSD. In this study 15 serpentinites from different tectonic settings 
in California, the Central Alps and Northern Spain have been investigated, mainly with high energy synchrotron X-ray 
diffraction, to quantify bulk crystal alignment. We find that CPO is strong on sheared surfaces of fractured blocks and 
secondary veins but the bulk of most serpentinite samples, except high-grade recrystallized antigorite serpentinite, show 
only weak crystal alignment. Correspondingly calculated seismic anisotropy based on CPO is not very significant. This is 
supported by very heterogeneous microstructures as documented with SEM and TEM analyses.
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intergrowths of polymorphs at the atomic scale, even of 
chlorite and serpentine (e.g. Zhang et al. 2021).

Serpentinites are significant for tectonic processes (e.g. 
Guillot et al. 2015; Hermann et al. 1997, 2000; Wang et al. 
2013). Even though they generally occur in small volumes, 
they lubricate shear zones, including the San Andreas fault 
and Melones fault in California (e.g. Melosh 2019; Moore 
and Rymer 2007). They act as wedges above descend-
ing slabs in subduction zones (e.g. Jung 2011; Zhao et al. 
2020) and plate bending could play an important role (e.g. 
Ranero and Pérez-Gussinyé 2010). Mechanical properties 
have been explored with experiments to address plasticity, 
documenting low viscosity of serpentinites (e.g. Burdette 
and Hirth 2022; Escartín et al. 1997; Hilairet et al. 2007; 
Raleigh and Paterson 1965).

At low temperatures frictional sliding causes strengthen-
ing and, on the microscopic scale, introduces stacking faults, 
shear bands and kinks (e.g. Amiguet et al. 2014; Chernak 
and Hirth 2010; Jung and Green 2004; Jung et al. 2009). 
Other experiments focused on dehydration in subduction 
zones (e.g. Hirose et al. 2006; Ulmer and Trommsdorff 
1995; Jung et al. 2009; Padrón-Navarta et al. 2010). Ser-
pentine has recently gained interest as potential source of 
hydrogen produced by degassing (e.g. Lefeuvre et al. 2021; 
Truche et al. 2024) and the significance as a sink of organic 
and inorganic carbon (e.g. Bouilhol et al. 2022).

However, most attention on serpentine has been focused 
on its contribution to seismic anisotropy, with at least 30 
publicatons sharing “serpentinite” and “anisotropy” in the 
title (among them are Bezacier et al. 2010; Deng et al. 2022; 
Ji et al. 2013; Jung 2011; Liu et al. 2020; Park et al. 2004; 
Schmitt et al. 2007; Shao et al. 2014; Watanabe et al. 2014). 
Seismic anisotropy is often linked to crystal preferred ori-
entation (CPO) of minerals and single crystals of serpen-
tine are indeed elastically strongly anisotropic based on first 
principles calculations, assuming ideal crystals (e.g. Satta et 
al. 2022; Deng et al. 2022). Serpentinite likely contributes 
to observed seismic anisotropy in subduction zones (e.g. 
Christensen 2004; Díaz et al. 2006; Guillot et al. 2004; Ji 
et al. 2013; Katayama et al. 2009; Long and Becker 2010; 
Michibayashi and Mainprice 2004; Park et al. 2004; Wiens 
et al. 2008; Yamasaki and Seno 2003) but as we will docu-
ment it may not be a primary factor.

There are relatively few reports on CPO of serpentinite. 
Most studies are on high-grade antigorite-serpentinites with 
recrystallized fabrics and large grains which can be investi-
gated with optical microscopy and electron backscatter dif-
fraction (EBSD). Examples are from Japan (Hirauchi et al. 
2010a, b; Nagaya et al. 2017; Nishii et al. 2011; Soda and 
Takagi 2010; Soda and Wenk 2014; Watanabe et al. 2011, 
2014), Cuba (Auzende et al. 2002; Bezacier et al. 2010; Van 
de Moortele et al. 2010), Guatemala (Brownlee et al. 2013), 

the Betic Cordillera in Southern Spain (Padrón-Navarta et 
al. 2012; Dilissen et al. 2018), Valmalenco in the Southern 
Alps (Clément et al. 2019; Jung 2011; Kern et al. 1997, 
2015; Liu et al. 2020; Morales et al. 2018) and Tibet (Shao 
et al. 2014). Recently, Kuehn et al. (2021) investigated CPO 
of lizardite in serpentinite from the Mid-Atlantic Ridge with 
synchrotron X-ray methods similar to those used in this 
study and documented very weak CPO.

Here we are following up by investigating crystal align-
ment and elastic anisotropy in 15 samples from different 
tectonic settings in California, the Central Alps and North-
ern Spain. Emphasis is on quantifying CPO and correspond-
ing elastic anisotropy, not on relating it to the geologic 
environment.

Serpentine crystal structures

The mineral serpentine (nominal chemical formula 
Mg3[Si2O5](OH)4 is a single layer phyllosilicate with 
stacks of tetrahedral–octahedral sheets (Fig. 1, e.g. Brigatti 
et al. 2013). Tetrahedra are mostly [SiO4] and octahedra 
[Mg(O,OH)6], and some oxygens are shared. Contrary to 
sheet silicates like talc and chlorite which have silica lay-
ers on both sides of the octahedral layer, in serpentine there 
is only a single tetrahedral layer. This configuration intro-
duces distortions due to slight differences in oxygen–oxy-
gen bonds between the tetrahedral and octahedral layers. 
Unlike double-layer sheet silicates, where tetrahedral layers 
balance on either side of the octahedral layer, the single-
layer structure of serpentine leads to bending, as depicted 
in Fig. 1c, d.

The ideal layered structure of serpentine with no bend-
ing is lizardite (e.g. Laurora et al. 2011; Mellini 1982; Mel-
lini et al. 1987; Mellini and Zanazzi 1987; Mellini and Viti 
1994) with a layer spacing ~ 7.3  Å. Bending gives rise to 
polymorphs such as chrysotile with curling to form fibrous 
structures (Fig.  1c, e.g. Falini et al. 2004; Pollastri et al. 
2016) or periodic switching of tetrahedral layers as in anti-
gorite (Fig.  1d, e.g. Capitani and Mellini 2004, 2006). A 
modification of chrysotile is the polygonal structure, also 
fibrous but divided into curved segments (e.g. Baronnet and 
Devouard 1996; Tarling et al. 2021). Another form is the 3D 
onion-like polyhedral structure (e.g. Andreani et al. 2008). 
In chrysotile fibers are along the [100] direction, vertical in 
Fig. 1a (e.g. Jagodzinski and Kunze 1954; Whittaker 1956). 
The antigorite polysome with m = 17 tetrahedra spanning 
over the wavelength and a corresponding b = 43.7  Å lat-
tice parameter is used in this study (Capitani and Mellini 
2006). There are other antigorite polysomes with m ranging 
from 13 to 23 (e.g. Capitani et al. 2009; Uehara and Shi-
rozu 1985). Symmetry and lattice parameters of the main 
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three serpentine polymorphs as well as for other minerals 
used in this study are listed in Table 1. References also refer 
to crystal information files (cif) used in the refinement of 
X-ray diffraction data. Note that for trigonal lizardite the 
layer spacing is along the crystallographic c-axis, and a cor-
responds to the spacing along tetrahedral chains (Fig.  1a, 
vertical). Antigorite and chrysotile are monoclinic which 
causes some complexities for texture analysis which will be 

explained later. In Fig. 1 and Table 1 the second setting with 
γ as angle between a and b axes is used.

Samples

This section gives a brief overview of the tectonic settings 
of the samples investigated in this study. They were selected 
from our serpentinite collection from different localities in 
California, the Central Alps and Northern Spain to provide 
an overall picture of variations in microstructures and par-
ticularly crystal preferred orientation (CPO) that is signifi-
cant for predicting seismic anisotropy. We are not going to 
relate those properties to local geological features such as 
subduction zones and shear faults or explore variations at 
the outcrop scale.

Samples are listed in Table  2 (for exact location on a 
map enter coordinates on Google Earth) and Supplemen-
tary Fig. 1a–c provides overviews of sample locations in a 
geological context. Snapshots of hand specimens and some 
outcrops are displayed in Fig. 2 and Fig. 4a (Brg758). Sur-
faces of hand specimens are often glossy, with striations 
(e.g. Fig. 2j), however the interiors are generally dark and 
appear homogeneous (Fig. 2j, right side). Sometimes there 
are multiple generations of crosscutting veins (Fig. 2e, n). 
Most samples studied are bulk material but we also explored 
some layers of fibrous aggregates on fracture surfaces 
(NS11, SN100, Brg1852 and Her1).

Table 1  Crystallographic information about minerals used in this study, 
amscd refers to the American Mineralogist Crystal Structure Database 
for crystal information files (cif) used in the Rietveld refinement
Mineral Space 

group
Lattice parameters 
(Å, º) (a, b, c, α, 
β, γ)

amcsd 
code

Authors

Serpentine polymorphs
 Antigorite Pm 43.505 9.251 7.263 

90 91.32 90
3192 Capitani 

and Mel-
lini (2004)

 Lizardite P31m 5.323 5.3234 7.272 
90 90 120

18,972 Laurora et 
al. (2011)

 Chrysotile Cc 5.340 9.241 14.69 
90 93.66 90

19,917 Falini et 
al. (2004)

Others
 Chlorite C2/m 5.336 9.240 14.37 

90 96.93 90
4284 Zanazzi et 

al. (2007)
 Andradite Ia-3d 12.031 12.031 

12.031 90 90 90
1207 Hazen and 

Finger 
(1989)

 Magnetite Fd-3m 8.395 8.395 8.395 
90 90 90

9109 Gatta et 
al. (2007)

The layer spacing is underlined. For monoclinic crystals the second 
setting convention is displayed, in the Rietveld refinement the first 
setting is used (Matthies and Wenk 2009)

Fig. 1  Information about crystal 
structures of serpentine poly-
morphs. a Illustrates a layer of sili-
con tetrahedra. 5.2 Å corresponds 
to the repeat of tetrahedra along 
tetrahedral chains in the verti-
cal direction and 5.9 Å along the 
horizontal direction. b The stacking 
of tetrahedral/octahedral layers in 
lizardite. c In chrysotile the layers 
curl to form tubes. d In antigorite 
the layers switch periodically to 
minimize stress
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different intervals (ca. 300, 200, 160 Ma., Saleebe 1982). Meta-
morphism caused a partial alteration of mafic and ultramafic 
rocks into serpentinites that are now exposed (e.g. Andreani 
et al. 2005; Moores 1970; Springer 1974). Many serpentinite 
deposits are in vicinity of the north–south extending Bear 
Mountains and Melones faults in the Sierra Nervada foothills 
(Suppl. Fig. 1a). These faults were active in late Jurassic with 
an east over west dip-slip motion (e.g. Paterson and Wainger 
1991). We investigated samples NS10 and 11 (mainly antig-
orite) along highway 70 near the Yuba River (Fig. 2a, b), and 
SN100 (chrysotile/antigorite intergrowth) near Forestville, CA 
(Fig. 2c).

The Franciscan Complex is a Cretaceous accretionary 
mélange containing blocks of graywacke, greenstone, blue-
schist, and serpentinized ophiolite (e.g. Ernst 1988, 2011; 
Wakabayashi 2017). The formation and metamorphism 
of the Franciscan ultramafic rocks occurred in association 
with subduction during the Jurassic to Cretaceous along the 
western North American margin. Thin accretionary wedges 
of ultramafic rocks were partially serpentinized, with many 
small outcrops such as Muir Woods, central San Francisco, 
Lake Berryessa and Mount Diablo in the Bay Area. They are 
locally associated with eclogites (e.g. Cisneros et al. 2022). 
Uplift of the present-day Coast Range in the Cenozoic and 
activity with the San Andreas fault system have led to the 
current surface exposures of serpentinite (e.g. Barnes et al. 
2013; Montgomery 1993). Sample MW1 (antigorite/chlo-
rite) was collected along California State Route 1 between 
Muir Beach and Stinson Beach (Fig. 2d).

One of the largest serpentinite blocks in California is 
near New Idria in San Benito County (e.g. Coleman 1971; 
Wakabayashi 2004, 2017). This region has attracted a lot of 
interest because of the large Coalinga asbestos mine (e.g. 
Cooper et al. 1979; Mumpton and Thompson 1975). Sample 
SBen2 (lizardite with chrysotile vein) was collected near 
San Benito Mountain northwest of Coalinga (Fig. 2e).

Central Alps

The Cretaceous to Tertiary Alpine orogeny involves the con-
vergence of the African and European plates and the closure 
of the Tethys Ocean (e.g. Schmid et al. 2004). During the 
orogeny, parts of the Tethys oceanic lithosphere containing 
upper mantle gabbros, peridotites, serpentinites, ophicar-
bonates and metapelites were juxtaposed between Pennine 
nappes in the north at the bottom, belonging to the Euro-
pean crust, and the Austroalpine nappes in the southeast on 
top, from the African crust (e.g. Hermann et al. 1997, 2000, 
Supplementary Fig. 1b).

Ultramafic rocks occur in the Western Alps, such as the 
Zermatt-Saas zone, associated with high-pressure eclogites 
(e.g. Angiboust et al. 2009; Auzende et al. 2006b; Wassmann 

California

There are outcrops of serpentinite in many parts of California, 
and it has earned the reputation of “California State Rock” (e.g. 
Rakovan 2011). An elongated zone of serpentinites is exposed 
along the Western Sierra Nevada Foothills metamorphic belt 
(Suppl. Fig. 1a). Compressional forces associated with accre-
tionary growth of the western margin of the North America 
plate during Upper Paleozoic to Jurassic led to the accretion of 
dominantly ophiolite-chert-argillite rocks onto the continent at 

Table 2  Sample name, sample location, coordinates, estimated com-
position and accessories (act: actinolite, and: andradite, ant: antigorite, 
chl: chlorite, chr: chromite, chrys: chrysotile, liz: lizardite, mag: mag-
netite, mil: millerite, oli: olivine, pent: pentlandite)
Sample Location Coordinates 

N/EW
Composi-
tion volume 
fraction%

Acces-
sories

California
NS10 bulk Yuba 

River
39º54′11″N 
121º21′07″W

ant63 chl29 
mag8

talc

NS11 
surface

Yuba 
River

39º54′11″N 
121º21′07″W

ant17 chl7 
and76

pent 
mag act

SN100 
fibrous

Forestville 38º59′03″N 
120º50′24″W

ant100

MW1 bulk Muir 
Beach

37º52′30″N 
122º35′54″W

ant57 chl43

SBen2 bulk San 
Benito

36º23′24″N 
120º39′24″W

liz100

SBen2 vein San 
Benito

36º23′24″N 
120º39′24″W

liz100 chrys

Central 
Alps
Brg758 vein Mungiroi 46º23′48″N 

9º34′10″E
ant100

Brg1851 
bulk

Grevasal-
vas

46º25′37″N 
9º42′24″E

liz100 mil mag

Brg1852fi-
brous

Grevasal-
vas

46º25′37″N 
9º42′24″E

chrys100 mag

Brg1863 
bulk

Plaun da 
Lei

46º25′07″N 
9º43′24″E

liz51 chl23 
mag26

dolomite 
titanite

Brg1870 
bulk

Mar-
morera

46º30′48″N 
9º37′54″E

liz100 chr

K987 bulk Val-
malenco

46º15′26″N 
9º51′03″E

ant98 oli2 diopside 
mil

Spain
Ca11 bulk Moeche 43º32′37″N 

7º59′38″W
ant100 chr pent

Ca14 bulk Moeche 43º32′37″N 
7º59′38″W

ant58 chl42 chr mil 
talc

Ca16 bulk Moeche 43º32′37″N 
7º59′38″W

ant99 mag1 chr

Her1 fibrous Herbeira 43º43′19″N 
7º56′47″W

ant100

Enter coordinates into “Search” on Google Earth and it will show you 
exact location on a map. The volume fractions were obtained from 
the Rietveld refinement. Minor mineral phases were mainly identi-
fied with energy dispersive spectroscopy
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2020; Schmid et al. 2013) as well as the Slovenian Alps 
(e.g. De Hoog et al. 2009). Many of these ultramafic rocks 
have undergone significant transformations and are hetero-
geneous. Investigations have mainly explored geochemistry 
(e.g. Barnes et al. 2014).

Here, with a focus on bulk anisotropy, we selected fairly 
homogeneous serpentinites from the Platta-Valmalenco 
zone juxtaposed between upper Pennine and lower Aus-
troalpine nappes (Suppl. Fig. 1b). Several samples of lower 

et al. 2011), the Ivrea-zone with high-temperature serpenti-
nites and peridotites at Finero with metasomatic processes 
(e.g. Cannao et al. 2022; Hartmann and Wedepohl 1993). In 
the Central Alps there is a relatively narrow W–E stretched 
Chiavenna zone with variable olivine–talc–chlorite–serpen-
tinite schists (e.g. Schmutz 1976) and further east a south-
north extending Valmalenco-Platta unit between Pennine 
and Austroalpine nappes. In the Eastern Alps serpentinites 
are documented in the Tauern Window (e.g. Gross et al. 

Fig. 2  Serpentinite hand speci-
mens and outcrops for some of 
the samples used in this study. 
a An outcrop at Yuba River; b 
corresponding sample NS10; c 
sample SN100 with a layer of 
fibrous chrysotile near Forest-
ville CA; d sample MW1 near 
Muir Woods from California 
Coast Range; e SBen2 with 
ground mass crosscut by lighter 
chrysotile veins from San 
Benito Mountain; f Plaun Grand 
outcrop, above Grevasalvas in 
the Northern Bergell Alps, cor-
responding to Brg1851 (g), with 
homogeneous dark bulk matrix 
and polished surfaces and (h) 
Brg1852, a fibrous layer consist-
ing of chrysotile; i Outcrop 
Plaun da Lei/Maloja with sample 
Brg1863 (bright vein is dolo-
mite); j sample Brg1870 from 
Marmorera; k Herbeira quarry, 
N Spain; hand specimens Ca11 
(l), Ca14 (m) and Ca16 (n) from 
Moeche. o Her1 fibrous layer of 
antigorite from Herbeira
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Ortegal and was used for transmission electron microscopy 
characterization. All samples are dominantly antigorite.

Contrary to serpentinites in Galicia with very weak CPO, 
high pressure–temperature antigorite serpentinites with 
high Al-content (3.5–4 wt% Al2O3) from Cerro del Amirez 
in Southern Spain display strong preferred orientation as 
documented with EBSD measurements (Padrón-Navarta et 
al. 2012).

Analytical methods

The main goal of this study is to use crystal preferred ori-
entation data to calculate elastic and seismic properties of a 
suite of bulk serpentinite rock samples. In this section we 
describe our analytical methods. We first use polished thin 
sections (~ 30 μm) to explore the major mineral phases and 
their structures, starting with a petrographic microscope, 
followed by scanning electron microscopy to identify 
microstructures and estimate the chemical composition of 
serpentine and other minor mineral phases in each sample. 
We then conducted transmission electron microscopy on a 
few samples, on thin foils prepared by focused ion beam 
(FIB) cuts (10–500 nm) to explore the heterogeneity of ser-
pentine polymorphism at fine scales. Subsequently, quanti-
tative texture analysis of synchrotron X-ray diffraction data 
was applied to calculate crystal orientation distributions, 
elastic properties and seismic wave velocities of the bulk 
samples. We also conducted Raman spectroscopy on some 
samples, but results will be reported in a separate study and 
compared with data from the literature (e.g. Compagnoni et 
al. 2021; Kashima et al. 2022; Rinaudo et al. 2003; Rooney 
et al. 2018).

Scanning electron microscopy (SEM)

SEM investigations used polished but not carbon-coated 
thin sections in a Zeiss EVO scanning electron microscope 
in the Department of Earth and Planetary Science at the 
University of California, Berkeley, in low vacuum mode 
to avoid charging, with an accelerating voltage of 20  kV 
and a beam current of ~ 2 nA. We mainly used backscatter 
electron (BE) detectors for imaging where the brightness of 
each phase imaged is dominantly related to their respective 
average atomic number, making it easy to identify the main 
components in the samples which typically include serpen-
tine (dark with gradients), chlorite (brighter grey) and mag-
netite (very bright) (cf. Figs. 7, 8).

Energy-dispersive X-ray spectroscopy (EDS) analyses 
with an EDAX-AMETEK detector and analytical software 
were used to estimate atomic element fractions of O, Mg, 
Al, Si, Fe, Ca and Cr for serpentine and accessories (Table 

greenschist facies Platta nappe serpentinites in the north 
were investigated (e.g. Bernoulli and Weissert 2021; Bur-
khard and O’Neill 1988; Dietrich and Peters 1971). The 
dominant phase is lizardite (Brg1851, Fig.  2g, Brg1863, 
Fig.  2i, Brg1870, Fig.  2j), except for a serpentine vein in 
Brg758 (Fig. 5a) which is antigorite and Brg1852 (Fig. 2h) 
in a fracture surface which is chrysotile.

The serpentinites in Valmalenco have received a lot of 
attention in terms of geochemistry (e.g. Clément et al. 2019; 
Kempf et al. 2022; Müntener et al. 2010; Peretti et al. 1992), 
tectonic-metamorphic history (e.g.Lafay et al. 2022; Mün-
tener and Hermann 1996; Trommsdorff and Evans 1972) 
and mineralogy (e.g. Amthauer et al. 1974; Capitani and 
Mellini 2004; Mellini et al. 1987; Müntener and Hermann 
1994; Zucali et al. 2018). They are of amphibolite facies 
metamorphic grade and the main polymorph is antigorite, 
with minor fractions of olivine and clinopyroxene. In the 
contact region with the Tertiary Bergell tonalite in the West, 
serpentinite has undergone metamorphic transformations 
to olivine and talc (Müntener et al. 2000; Trommsdorff and 
Evans 1972; Worden et al. 1991). The Valmalenco serpenti-
nite was mined in several large quarries as decorative stone. 
Antigorite in the regularly foliated serpentinites displays 
high preferred orientation (e.g. Jung 2011; Kern et al. 1997, 
2015; Morales et al. 2018), although there are local hetero-
geneities (Liu et al. 2020). Our sample K987 is antigorite 
from the Chiesa quarry of Nuova Serpentino d'Italia.

Northern Spain

A third sample locality is from Galicia in the Variscan oro-
genic belt in Northern Spain (Suppl. Fig. 1c). The Variscan 
belt of the Iberian Massif is the result of the Paleozoic 
Variscan orogeny which involves the collision between 
ancient continents Laurussia and Gondwana (e.g. Albert et 
al. 2012; Díez Fernández et al. 2011). The geology of the 
Iberian Massif is characterized by an autochthonous Gond-
wanan domain overlain by an allochthon, which consists of 
peri-Gondwanan terranes and ophiolites (Sánchez Martínez 
et al. 2007). The ophiolites that compose the middle part of 
northwestern Iberia are interpreted to be relics of the eastern 
branch of the Rheic Ocean which were subjected to green-
schist to amphibolite facies metamorphism. Near Cabo 
Ortegal a Devonian event produced high temperature-high 
pressure metamorphism with eclogites (e.g. Girardeau et al. 
1989; Ordóñez Casado et al. 2001). There are serpentinite 
quarries at Moeche and Cabo Ortegal (e.g. Nespereira et al. 
2019). We report on serpentinite from the lower Moeche 
unit which is underneath the high-pressure allochthonous 
Cabo Ortegal complex (samples Ca11, 14, 16, Fig. 2l–n). 
The Moeche unit is in the center of a synclinal structure. 
One sample is from Herbeira (Her1, Fig.  2o) near Cabo 
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operated at 200 kV at the Molecular Foundry of Lawrence 
Berkeley National Laboratory. TEM analyses were per-
formed on samples SN100, SBen2, Brg1852, and Her1.

Synchrotron X-ray texture analysis

The main goal of this study was to quantitatively determine 
crystal preferred orientation (CPO). On fairly fine-grained 
serpentinites this can be achieved with high energy syn-
chrotron X-ray diffraction on bulk samples. The method 
was recently applied and refined to measure preferred ori-
entation in slates (Wenk et al. 2022). Prismatic blocks of 
4 × 4 × 10 mm size were cut with a diamond saw, with the 
long direction perpendicular to the cleavage plane. Then 
prism edges were ground manually to approach a cylinder 
shape. The cylinders were then mounted on a metal rod 
(Fig. 3a top left).

The synchrotron diffraction experiments were performed 
at the Advanced Photon Source of Argonne National Labo-
ratory at the high energy beamline 11-ID-C. A schematic 
of the experiment is shown in Fig. 3a. An X-ray beam with 
a wavelength of 0.1173 Å (115 keV) and focused to a size 
of ~ 1 mm reaches the sample mounted on a goniometer head 
with a horizontal rotation axis (X, ϕ-rotation). The sample 
is aligned by tilting and translating on the goniometer head 
to align the sample axis horizontally and bring the center of 
the cylinder into the center of the beam. About 10 cm behind 
the sample the primary beam is captured. The diffraction 
patterns are recorded with a Perkin Elmer 2D image plate 
detector mounted ~ 195 cm from the sample.

These experiments were conducted over several years 
(2013–2022) and some details have changed, both with the 
experimental set-up and the software used for data process-
ing. Therefore we do not provide access to old diffraction 
images but provide links to data from the recent measure-
ments (see Data Availability statement at the end of the 
paper).

The experiment takes advantage of the high energy of 
X-rays, not only for good sample penetration but also for 
low diffraction angles (a range of 2Θ of 0.5–3.5° was used, 
corresponding to ~ 22–2  Å). Therefore, lattice planes of 
recorded diffractions are barely tilted relative to the incom-
ing X-ray (Θ 0.25–1.75°), providing an excellent pole 
figure coverage. In the schematic Fig.  3a a much larger 
wavelength is assumed. Before measuring samples, the 
instrument geometry is calibrated with a LaB6 standard 
(a = 4.156468  Å), refining sample-detector distance, exact 
detector orientation and beam shape (Caglioti function, 
Caglioti et al. 1958).

Samples were then measured with 11 images at φ 15° 
rotation intervals from 0° to 165°. During the exposure the 
sample was translated along the cylinder axis (X) 2–3 mm 

S1 of supplementary material and Table 3). EDS data reduc-
tion was performed using the EDAX Genesis software. For 
quantification we applied corrections based on standards 
with well-defined compositions.

Transmission electron microscopy (TEM)

The ways in which different serpentine minerals accommo-
date the misfit of tetrahedral and octahedral layers give rise 
to different polymorphs and cause defects. It was the study 
of Yada (1971) displaying the scroll-like structure of chrys-
otile at atomic resolution with a TEM that sparked a lot of 
interest to explore polytypism and defects in serpentine with 
high resolution transmission electron microscopy.

Here we used a Thermo Fisher Scios 2 SEM with a 
focused ion beam (FIB) aperture at the Materials Science 
Department of UC Berkeley to prepare lamellar TEM 
samples from small serpentinite rock chips. These samples 
were then carbon-coated to prevent charging and analyzed 
with a high-resolution scanning TEM (STEM) FEI TitanX 

Table 3  Serpentine cation atomic fractions normalized to 5.0 based on 
EDS analyses assuming a formula (Mg, Fe)3(Si, Al)2O5(OH)4
Sample Mg Fe Si Al
California
NS10 bulk 2.82 0.15 1.97 0.06
NS11surface bright 2.77 0.15 2.08 0.00
NS11 surface dark 2.84 0.11 2.05 0.00
SN100 2.77 0.11 1.97 0.03
MW1 bright 2.69 0.19 1.84 0.06
MW1 dark 2.76 0.09 1.99 0.03
SBen2 bulk 2.84 0.13 1.97 0.06
SBen2 vein bright 2.68 0.22 1.90 0.19
SBen2 vein dark 2.86 0.11 1.98 0.06
Central Alps
Brg758 2.78 0.18 2.04 0.00
Brg1851 bright 2.86 0.12 1.95 0.08
Brg1851 dark 2.87 0.08 1.99 0.06
Brg1863 2.73 0.19 1.91 0.17
Brg1870 bright 2.75 0.24 1.95 0.06
Brg1870 dark 2.78 0.08 2.08 0.05
K987 2.86 0.10 2.00 0.04
Spain
Ca11 bright 2.74 0.20 1.96 0.07
Ca11 dark 2.76 0.18 1.98 0.06
Ca14 bright 2.56 0.26 1.95 0.24
Ca14 dark 2.73 0.21 1.99 0.07
Ca16 bulk bright 2.78 0.16 1.98 0.08
Ca16 bulk dark 2.87 0.10 1.96 0.04
Ca16 surface bright 2.71 0.22 1.92 0.15
Ca16 surface dark 2.72 0.20 1.97 0.12
Her1 bright 2.70 0.20 2.10 0.00
Her1 dark 2.63 0.17 2.12 0.09
See also Suppl. Table S1. The “dark” and “bright” refer to spot analy-
ses with different grey shades in BSE images (Figs. 7, 8a)
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Fig. 3  a Schematic of synchrotron 
X-ray diffraction at APS beam-
line 11-ID-C. Cylindrical sample, 
10 mm long and mounted on an 
aluminum rod (top left) is rotated 
around X (φ) perpendicular to the 
incident beam. 2Θ is exaggerated. 
In reality 2Θ is much smaller for 
high energy X-rays. Intensity varia-
tions along azimuth η are indica-
tive of crystal preferred orientation. 
The diffraction image is antigorite 
K987. b–d Some typical X-ray 
diffraction images of serpentinites. 
Left side are actual diffraction 
images, right side are “unrolled” 
diffraction images with azimuth η 
vertical. b K987 from Valmalenco 
with very strong preferred orienta-
tion. c In Moeche serpentinite 
Ca16 from Northern Spain the bulk 
has almost no intensity variations 
but (d), on the surface displays 
very strong alignment, almost a 
single crystal superposed on the 
uniform background
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The crystallographic preferred orientation distribution 
function (ODF) for each phase was refined with the EWIMV 
method (Matthies and Vinel 1982), not imposing any sample 
symmetry and with an ODF grid of 7.5°. The ODF was then 
exported from MAUD and imported into Beartex (Wenk 
et al. 1998), using the 2024 updated version, first to gen-
erate a binary ODF (with CMAU), smooth the ODF (with 
SMOO) and then to rotate the sample (with CSEC) such that 
the (001) maximum is in the center of the pole figure and, 
if there is a girdle-like distribution, the girdle is vertical. 
In a clearly foliated sample, such as Valmalenco antigorite 
K987, this would correspond to a projection on the foliation 
plane. In many serpentinites the foliation is not obvious, and 
the secondary rotation is done for easier comparison.

The transformed MAUD ODF’s were then used to cal-
culate pole figures (with PCAL) and plot pole figures (with 
PING) as well as generate average elastic properties (TENS 
and TENX) and calculate velocity pole figures (VELO). 
Orientation concentrations, both ODF and pole figures, are 
expressed in multiples of random distribution (mrd) with 1 
mrd corresponding to an isotropic (random) distribution and 
∞ to a single crystal. The strength of preferred orientation 
can also be expressed with the texture index (J = ∫ f(g)2dg, 
where f(g) is the 3D ODF; Bunge 1982, p. 88).

The method was tested in detail with sample Brg758 on 
prismatic crystals of serpentine growing in a vein of bulk 
serpentinite (Fig. 4a). Raman spectroscopy identified it as 
antigorite. A diffraction image (Fig. 4b) displays very strong 
preferred orientation with large intensity variations along 
Debye rings. We refined the sample’s CPO from the same 
diffraction images but assuming different serpentine poly-
morphs. Figures 4c–e show data from one of 11 diffraction 
images that were used in the refinement. On the left side 
is an integration over azimuth η with black the measured 
spectrum and red the Rietveld fit. On the right side is a stack 
of diffraction spectra spread over azimuth η (vertical) with 
measured data at the bottom and top the calculated Rietveld 
fit. Intensity variations along the vertical axis η are indicative 
of CPO. It appears that the refinement assuming antigorite 
gives the best fit (Fig. 4c), but the calculated diffraction pat-
terns of all three polymorphs are very similar, especially the 
fit for the main diffraction peaks which dominate the defini-
tion of the crystal orientations. Such similarities between the 
fits are also expressed in the pole figures (Fig. 5). In all three 
reconstructed sheet-plane normal (001) pole figures, there 
is a main maximum divided into a couple of sub-maxima. 
The direction of linked tetrahedra in serpentine (vertical in 
Fig. 1a) also agrees with the crystal structures. It is (010) for 
monoclinic antigorite and chrysotile, and (110) for trigonal 
lizardite. The CPO patterns are best described as two groups 
of hexagonal crystals that are slightly tilted with respect to 

to improve grain statistics. Each measurement, with mount-
ing sample, software control, φ-rotations and exposure time, 
takes about 15  min. Some typical diffraction images are 
shown in Fig. 3b–d, left side. Azimuthal intensity variations 
indicate preferred orientation. This is even more apparent 
in Fig.  3b–d right side where images are “unrolled”, and 
the vertical axis is azimuth η. It is immediately obvious that 
sample (b) has strong CPO, sample (c) has much weaker 
CPO and sample (d) from a fracture surface is almost a sin-
gle crystal with distinct diffraction spots.

The 11 digital X-ray diffraction images at different rota-
tions φ were then analyzed simultaneously with the Riet-
veld method (Rietveld 1969), which relies on a refinement 
with least-squares fit to minimize the difference between 
experimental diffraction data and a calculated model based 
on scattering background, crystal structures, volume frac-
tions of components, crystal preferred orientation and grain 
size. For the Rietveld refinement the software MAUD ver-
sion 2.98 was used (Lutterotti et al. 1997) and details are 
described in tutorials (e.g. Lutterotti et al. 2014).

First 2D images (Fig.  4) were integrated over 5° azi-
muthal sectors to produce 72 diffraction spectra. A total of 
11 × 72 = 792 spectra were then used in the Rietveld refine-
ment. A polynomial function with five coefficients was 
used to refine the background of each image in some of 
the samples and an interpolated background in others. The 
Rietveld refinement starts with model crystal structures and 
lattice parameters are subsequently refined. With serpentine 
polymorphism this can be rather complex as we will discuss 
below. As a start we use 43 Å monoclinic antigorite Pm, tri-
gonal lizardite P31m, monoclinic chrysotile Cc, monoclinic 
chlorite C2/m, cubic andradite Ia-3d and cubic magnetite 
Dd-3m. The crystal information files (cif) were downloaded 
from the American Mineralogist Crystal Structure Database 
(amcsd). References for used cif files are given in Table 1. 
Note that for the texture analysis in MAUD of monoclinic 
crystals, such as antigorite, chrysotile and chlorite, the first 
setting needs to be applied, i.e. (100) is the cleavage plane 
instead of a more familiar second setting with (001) as the 
cleavage plane (Matthies and Wenk 2009). But for labels of 
lattice planes hkl in text, tables and figures we use in this 
paper the more conventional second setting, except for Sup-
plementary Table 2. We have explored the accessory phase 
magnetite in some samples. It is expressed in sharp spot pat-
terns in diffraction images and does not display CPO (e.g. 
Fig.  3c). In MAUD Advanced Models “arbitrary texture” 
was assumed for magnetite to refine the volume fraction. 
Some magnetite diffraction peaks were excluded from the 
image to minimize overlaps with diffraction peaks from ser-
pentine minerals. Grain size and shape of components were 
refined using the Popa (1998) model.
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the crystal structure information for the dominant type of 
serpentine, one can reasonably reconstruct the CPO despite 
the fact that more than one type of serpentine polymorph 
may exist in a sample. In some ways it illustrates that tex-
ture analysis can be useful in exploring polymorphism since 
polymorphs basically repeat the same basic unit (lizardite, 
Fig. 1b) in different orientations.

Diffraction patterns of ideal serpentine structures (Fig. 1) 
are complex with many secondary peaks which are not 
expressed in observed patterns (Fig. 4; many red peaks in 

each other. The hexagonal rotations would be expected for 
lizardite but they are also expressed in the monoclinic (010) 
and (100) pole figures for antigorite and chrysotile.

We will later show a case with (001) (sheet plane nor-
mals) rotating around (100)mono poles as one would expect 
for aligned chrysotile fibers and fibrous antigorite (cf. 
Fig. 12). Together, these results indicate that the quantifica-
tion of serpentine preferred orientations is quite insensitive 
to the relatively minor diffraction planes in different types of 
serpentine polymorphs and gives us confidence that, using 

Fig. 4  a Hand specimen of serpen-
tinite Brg758 from the Alps with a 
vein of highly aligned crystallites. 
b Select diffraction image display-
ing strong azimuthal intensity 
variations (η). c–e Modeling 
preferred orientation from the same 
diffraction images with MAUD 
using different serpentine poly-
morphs. Left column: Diffraction 
pattern obtained by azimuthal aver-
aging over a selected image. Black 
is data, red is the Rietveld fit. Right 
column: Stack of 72 integrated 5° 
sectors stacked vertically. Bottom 
is measured data, top is Rietveld 
fit. (c) Model for antigorite, d 
chrysotile and e lizardite
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type described by Francis (1956) in Scottish serpentinites. 
The mesh size is 50–100 μm with distinct zoning. SN100 
(Fig.  6b) is a slightly thicker section (higher interference 
colors) of a fibrous layer (Fig. 2c), with long fibers strongly 
aligned. SBen2 from San Benito (Fig. 6c) shows a 1.5 mm 
serpentine vein with highly aligned crystallites perpendicu-
lar to the contact between the vein and the matrix. Subse-
quent analyses reveal that the vein consists of chrysotile/
polygonal serpentine. The serpentine matrix is very fine-
grained lizardite (5–10 μm) with no obvious preferred ori-
entation. Brg1852 (Fig. 6d) is also from a layer of fibrous 
aligned crystals (Fig.  2h) which were later identified as 
chrysotile. In Brg1863 (Fig. 6e) lizardite has a fairly uniform 
microstructure with poorly aligned grains, 5–20 μm in size. 
This is similar to the “interpenetrating texture” described 
by Wicks and Whittaker (1977) for low-temperature ser-
pentinization of olivine. Figure 6f shows a low magnifica-
tion image of Brg1870, composed mainly of lizardite with 
blocky regions divided into subgrains and more or less diag-
onally aligned crystallites. There is also a secondary vein of 
chrysotile. K987 (Fig. 6g) is serpentinite from Valmalenco 
(e.g. Kern et al. 2015) with strongly aligned antigorite plate-
lets (grey–white) and some fairly equiaxed olivine (colored, 

Rietveld fit do not match with the black measured diffraction 
pattern). This is due to defects such as stacking faults which 
are ubiquitous as will be documented with TEM images 
(Fig. 9). This complexity can be addressed in MAUD with 
a “Planar defects model” such as “Ufer single layer” which 
was applied to turbostratically disordered montmorillonite 
(Lutterotti et al. 2010). We applied it to some samples but 
effects on crystal preferred orientation are minimal because 
it relies on the main diffraction peaks.

Results and interpretations

Optical microscopy

Thin sections of samples, approximately 30  μm in thick-
ness, were analyzed with a Nikon Optiphot-Pol petro-
graphic microscope in transmission and cross-polarized 
light. Most were cut perpendicular to the visible foliation, 
though it is often not very well defined. A few examples are 
shown in Fig.  6 to illustrate characteristic features. NS10 
(Fig. 6a) consists dominantly of serpentine that displays a 
mesh structure with gradients, somewhat reminiscent of the 

Fig. 5  Pole figures obtained for 
Brg758 by fitting the same mea-
sured synchrotron X-ray diffrac-
tion images assuming different 
serpentine polymorphs in MAUD; 
a antigorite, b chrysotile and c 
lizardite. Equal area projection, 
logarithmic pole density scale. 
Monoclinic pole figures (antigorite 
and chrysotile) use second setting 
for hkl symbols. The texture results 
are very similar for the different 
serpentine polymorph used. This 
indicates that MAUD textural fit-
ting successfully captures the crys-
tal preferred orientation patterns in 
the bulk sample, regardless of the 
relatively minor differences in the 
diffraction patterns of the different 
serpentine polymorphs
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SEM microstructures and chemical composition

Backscattered electron images (BSE) with an SEM at high 
contrast illustrate great complexities at the micron scale 
(Fig. 7). In BSE images the brightness is related mainly to 
composition. For California serpentinites, NS10 bulk con-
tains magnetite (Fe3O4, bright) and dendritic pentlandite 
((Ni,Fe)9S8, very bright) as minor phases in a matrix of ser-
pentine (grey; Fig.  7a). Overall magnetite is concentrated 
in fairly randomly oriented veins (Fig. 7b). On sheared sur-
faces (NS11), the sample contains layers of andradite garnet 
(Ca3Fe3+

2[SiO4]3, very bright, on left) and antigorite (dark). 
Both layers display shape preferred orientation of grains as 
indicated by contrast with long axes extended in the bottom-
left, top-right 45º direction (Fig. 7c). Sample MW1 contains 
a mixture of chlorite (brighter grey) and antigorite (darker), 
with equiaxed magnetite (bright) (Fig. 7d). There is no dis-
tinct orientation pattern of the two phases, at least not on the 
scale of the image.

with high order birefringence). There is not much bending 
of the serpentine grains, indicative of plastic deformation/
recrystallization at high PT conditions. The thin section and 
the sample for X-ray diffraction were prepared from the 
same block used by Kern et al. (2015) for neutron diffrac-
tion, EBSD and velocity measurements but, as documented 
by (Liu et al. 2020), there are many local heterogeneities at 
the outcrop scale. The thin section image of Ca11 from Gali-
cia (Fig.  6h) shows a heterogeneous matrix without clear 
crystal orientations but in fractures there are some highly 
aligned secondary crystallites. Also Ca14 (Fig. 6i) displays 
a largely uniform matrix but fractures in several directions 
in which highly oriented serpentine and some talc crystal-
lized. Fracture spacing is on average ~ 1–2 mm. This micro-
structure is similar to the “crack-seal” patterns described by 
Viti and Mellini (1998), Andreani et al. (2004, 2005) and 
Viti et al. (2018).

Fig.  6  Optical images of thin sections with cross-polarized light. a 
Fragmented microstructure in NS10 with different grain orientations. 
b Layer of highly aligned fibers in SN100 (slightly thicker section). c 
SBen2 with highly oriented prismatic chrysotile vein in a randomly 
oriented matrix of lizardite. d Brg1852 with oriented chrysotile on 
a fracture surface. e Randomly oriented lizardite in Brg1863 bulk 

matrix. f Heterogeneous structure in Brg1870 with 0.5–1 mm blocks of 
bulk lizardite and a chrysotile vein. g Highly oriented antigorite plate-
lets (grey/white) in Valmalenco serpentinite K987, with olivine (high 
birefringence). h Blocky texture of antigorite in Ca11 with coarse sec-
ondary antigorite on a fracture surface. i Bulk matrix in Ca14 divided 
into blocks with serpentine and some talc on surfaces
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associated with slight differences in Al and Fe concentra-
tions in the serpentine minerals as shown in the EDS maps 
in Fig. 8. In Fig. 8 the central parts of the blocky serpen-
tines have a fairly pure Mg–Si composition, and the rim is 
enriched in Al and Fe, depleting both Mg and Si. Table 3 

In the Alps, lizardite in sample Brg1851 shows a blocky 
mesh texture perhaps transforming from original olivine 
grains (Viti and Mellini 1998). In the BSE image at very 
high contrast the center is darker, and the rim is brighter 
(Fig.  7e). Such contrast in BSE image brightness is 

Fig.  7  Some high-contrast SEM-BES images of microstructures. 
a Microstructure with dendritic pentlandite (bright) and magnetite 
(bright grey). b Homogeneous bulk microstructure with magnetite on 
fractures. c Surface structure with bright andradite and aligned dark 
serpentine. Bright dots are magnetite. d Elongated chlorite (brighter) 
and serpentine (darker). Bright dots are magnetite. e Bulk with zoned 
serpentine fragments. f Surface structure with highly aligned crystals 
and layer with tubular serpentine that are aggregates of nanometer-

scale chrysotile. g Complex serpentine microstructure with interstitial 
calcite (bright) in blocks of serpentine and chlorite. h Fairly aligned 
serpentine in the bulk of this sample. i Well-aligned antigorite platelets 
with flattened olivine (bright). j Randomly oriented serpentine crys-
tals. k Blocky texture with slight variations in brightness due to some 
compositional zoning. l Homogeneous bulk structure with fairly large 
serpentine crystals
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with randomly oriented serpentine platelets with sizes 
slightly larger those in Ca11 (4–40 μm). Be aware that all 
these microstructures are on the ~ 100 μm scale, consider-
ably smaller than the 10 mm scale of the samples analyzed 
for texture with synchrotron X-rays, which averages these 
fine-scale structures over large volumes.

Energy-dispersive X-ray spectroscopy (EDS) with an 
SEM was used to analyze compositions and identify serpen-
tine, chlorite, and other accessory phases (andradite, diop-
side, olivine, magnetite, pentlandite) listed in Table  2. In 
Table 3 we normalized cation percentages of Mg, Fe, Si and 
Al for serpentine to 5.0, corresponding to the idealized for-
mula (Mg, Fe)3(Si, Al)2O5(OH)4 (Table 3). Note that some 
Si + Al values exceed 2.0. This is due to the resolution of 
the EDS analyses. The Al content of serpentine ranges from 
0–1.7%, Fe from 0.6–1.8%. Spot analyses were performed 
on brighter and darker regions of BE-SEM images. Brighter 
regions have generally a higher iron content, but brightness 
also depends on crystal orientation. Al-substitution in ser-
pentine may be significant for the P–T stability (e.g. Bro-
miley and Pawley 2003; Padrón-Navarta et al. 2013; Page 
1968).

As mentioned above, this was quantified for Brg1851 
by scanning over a small sector to explore chemical causes 
for brightness changes where the center of grains are sig-
nificantly darker than edges (Fig.  8a, see also Fig.  7e). 
Figure  8b displays an EDS spectrum of the bright region 

gives approximate formulas. This shows that the tetrahe-
dral sites are not pure Si, some having been replaced by Al. 
In Brg1851, this occurs more towards the rim, as the maps 
indicate.

Sample Brg1852, which is from a sheared surface of bulk 
Brg1851, shows a complex texture in the BSE image with 
overall well-aligned serpentine zones, each containing finer 
fibrous components which are about 2 μm in diameter (top 
of Fig.  7f). TEM images identify them as chrysotile and 
polyhedral serpentine (cf. Fig. 9 c,d). By contrast, sample 
Brg1863 is fairly heterogeneous with deformed serpentine 
blocks (darker and brighter grey) and interstitial dolomite 
(bright) (Fig. 7g). Brg1870 displays a more oriented micro-
structure of serpentine (Fig.  7h). Individual crystals are 
about 10  μm long and 1  μm thick. For sample K987 the 
SEM image shows a similar texture to that observed with 
the optical microscope (Fig. 6e) where antigorite (grey) and 
olivine (brighter) are well foliated (Fig. 7i). Individual anti-
gorite grains are about 50 μm long and 5 μm thick, olivine 
grains are ~ 30 × 10 μm. Both are strongly aligned. In sam-
ples as these, EBSD for texture analysis is applicable.

Sample Ca11 from Northern Spain has randomly ori-
ented serpentine platelets (~ 1 × 10 μm) (Fig. 7j). The image 
of Ca14 displays serpentine of different brightness that can 
be attributed to slightly different Fe-content (see below), 
particularly in a secondary vein on the right side (Fig. 7k). 
The image of Ca16 (Fig. 7l) shows a homogeneous region 

Fig. 8  a Very high contrast backscatter SEM-BE image of serpentinite 
Brg1851 displaying strong variations in brightness (compare with e). 
b EDS spectrum of spot analysis on bright area, mainly O, Mg, and Si 
but some Al and Fe. (bottom) EDS scans with long integration time for 

Mg, Al, Si and Fe. These elemental concentration maps show that the 
differences in BE image brightness are linked to elemental abundance 
differences in Al and Fe
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resolution images also display an abundance of stacking 
faults and misorientations, indicating that serpentine is far 
from a perfect single crystal.

The detailed TEM images provide evidence of defor-
mation and crystal orientation heterogeneity. Crystals in 
Brg1852 transform from chrysotile to polyhedral serpentine. 
In samples SN100 and SBen2, the orientations of the tubular 
crystals vary significantly and there could be intergrowths of 
lizardite and chrysotile. Samples SN100, Brg1852 and Her1 
appear fibrous in hand specimens (Fig.  2c, h, o) but they 
develop complex twinning and stacking faults at nanoscale.

and the bottom are elemental scans for Mg, Al, Si and Fe. 
The dark regions in the BE image (Fig. 8a) correspond to 
Mg and Si-rich compositions, depleted in Al and Fe. The 
surrounding bright regions are richer in Al and Fe, and Si 
is slightly depleted, being replaced by Al. The differences 
are not large but significant: dark Si 15.17%, Al 0.44%, Fe 
0.62% and bright Si 14.79%, Al 0.61%, Fe 0.89% (Table 
S1). Thus, the original serpentine was more pure and then 
partially altered by aqueous Fe and Al-containing solutions 
along grain boundaries. A last stage, along fractures, is again 
depleted in Fe (darker grey in BE-image).

Chlorite was differentiated from serpentine based on 
lower silicon and higher aluminum content (chlorite Al 
4–6%, Si 10–12%; serpentine Al 0–1.7%, Si 13–15%). Most 
chlorites have clinochlore composition (low Fe). In three 
samples Cr was recorded (MW1, Brg758 and Brg1863).

TEM microstructures

Yada (1971) was one of the seminal papers documenting the 
tubular structure of chrysotile (Fig.  1c) that inspired high 
resolution transmission electron microscopy of serpentine, 
illustrating complex structures of coexisting polytypes and 
a wide range of polysomes, as well as stacking faults and 
intergrowths with other sheet silicates (e.g., in chronologi-
cal order, Langer et al. 1974; Yada 1979; Veblen and Buseck 
1979; Mellini et al. 1987; Otten 1993; Banfield et al. 1994, 
1995; Banfield and Bailey 1996; Dodoni et al. 2002; Dodoni 
and Buseck 2004; Auzende et al. 2002, 2006b; Gualtieri et 
al. 2012; Zhang et al. 2021).

Here we explore microstructures of a few of our samples 
with the TEM. With a much higher spatial resolution than 
optical microscopy and SEM, the transmission electron 
microscopy data provide the least ambiguous identifica-
tion of serpentine polymorphs and of local heterogeneities. 
For sample Brg1852 a slice was cut with focused ion beam 
(FIB) in a SEM perpendicular to striations (Fig. 7f). As a 
result, we were able to view the serpentine sample in a TEM 
along the direction of serpentine fibers. Figure  9c, d are 
high-resolution STEM images that show well-aligned ser-
pentine tubes that are nearly close-packed. The curved lat-
tice structure about the tube axes is diagnostic of chrysotile/
polyhedral serpentine (Fig. 1c). The white areas in the cen-
ter indicate hollow regions in the center of the tubes. Simi-
lar tubular structures were also identified in samples SN100 
(Fig. 9a) and SBen2 (Fig. 9b), though there is no strong par-
allel alignment, and some scrolls are perpendicular to the 
view. In samples Ca14 and Her1, antigorite is the dominant 
polymorph, as evidenced by the wavy texture in the TEM 
images as a result of periodic switching of tetrahedral lay-
ers between the two sides of the octahedral layers (Fig. 9e, 
f and Fig. 1d; e.g. Capitani and Mellini 2004). These high 

Fig. 9  High resolution TEM images of microstructures in some ser-
pentine samples. a SN100 with chrysotile but complex alignment. 
Some tubes are vertical. b SBen2 vein. Chrysotile/polyhedral tube 
surrounded by prismatic crystals. c, d Brg1852. Parallel tubular struc-
tures of chrysotile and polyhedral serpentine viewed along the tube 
axis. The centers of the tubes are hollow. e Ca16. This aggregate of 
prismatic crystals is composed of antigorite with stacking faults and 
dislocations. f Her1 with complex microstructures of antigorite, with 
many defects and misorientations
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maximum (010) for monoclinic and (110) for trigonal in the 
E-W direction. For the fibrous samples in Fig. 12 the fiber 
direction is in the center, [100] for chrysotile and [010] for 
antigorite.

We only show two pole figures (001) and (010) for mono-
clinic antigorite and chlorite (second setting, corresponding 
to 100 and 001 first setting), (0001) and (11–20) for trigonal 
lizardite and {001} and {110} for cubic andradite (NS11).

For serpentine the (001) and (0001) directions correspond 
to poles to serpentine sheet planes, whereas the [010] (close 
to (010) poles) and [11–20] directions correspond to serpen-
tine tetrahedral chain directions (Fig. 1a, vertical). The same 
pole density scale (2.5–0.4 multiples of random distribution, 
mrd) was applied to all in Figs.  10 and 11 to make com-
parisons straightforward. The only exception is the scale for 
sample K987 which has a much stronger texture (16–0.15 
mrd, log-scale was used). Pole density maxima and minima 
for (001) and (0001), as well as ODF maximum and Texture 
index J (Bunge 1982, p. 88) are listed in Table 4. The (001) 
maxima are also indicated in Figs. 10 and 11.

Preferred orientation

While optical and electron microscopy qualitatively illus-
trate the mineral assemblage, serpentine polymorphism, and 
microstructure of the serpentinite samples, the synchrotron 
X-ray bulk diffraction data allow quantitative determina-
tion of the crystallographic preferred orientation averaged 
over significant sample volumes (~ 10–25 mm3). Because 
the analyses are based on least squares refinements on mea-
sured diffraction images, the method requires that we have 
prior knowledge on the existing mineral phases in the bulk 
samples. For the serpentinites investigated in this study, we 
relied mainly on SEM analyses to identify secondary min-
eral phases such as chlorite, magnetite, pentlandite, dolo-
mite and andradite.

Figures 10, 11, 12 show pole figures obtained from 3D 
orientation distributions with the Rietveld refinement. As 
mentioned earlier, orientation distributions were manually 
rotated to make them easier to compare. For Figs. 10 and 11 
they were rotated such that the sheet-plane maximum (001) 
is in the center of the pole figure and the chain direction 

Fig. 10  Pole figures (001) and 
(010) for antigorite and chlorite, 
and (001 and (110) for lizardite 
from California serpentinites, pro-
jected on the approximate foliation 
plane. Same linear pole density 
scale for all samples. Andradite 
is cubic and (001) and (110) pole 
figures are shown. Equal area 
projection. Maximum pole density 
in multiples of random distribution 
(mrd) is indicated for each sample
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Most bulk samples have a fairly circular pole density dis-
tribution in (001) pole figures, but in some there is an ellip-
soidal distortion (e.g. NS10, MW1 and Brg1851). Similar 
distributions are observed for other sheet silicates, e.g. in 
slates and schists with sheet planes tilting around the lin-
eation direction due to a 3-dimensional deformation his-
tory (e.g. Wenk et al. 2010, 2022). It is extreme in sample 
Brg1851 which was measured close to a fracture surface 
with a strong shear component. Penetrative homogeneous 
deformation with a clear foliation is achieved locally such 
as in small serpentinite slabs entrenched in Franciscan 
mélange like MW1, tectonic plastic deformation in the 
Platta nappe like Brg1870, or recrystallization under stress 
at high temperature as in Valmalenco antigorite K987.

(001) pole density maxima for bulk serpentinite range 
from 1.3 (SBen2 bulk) to 3.5 mrd (Brg1851), except for 
K987 antigorite with a maximum of 17.1 mrd. For chlorite 
maxima range from 2.1 (Brg1863) to 3.7 mrd (NS10b). In 
samples with chlorite, chlorite has a stronger crystal align-
ment than serpentine, presumably due to a more homoge-
neous microstructure. Examples are NS10, NS11, MW1, 
Brg1863 and Ca14. On surfaces and in veins crystals are 
more strongly aligned, e.g. in NS10 bulk antigorite 1.6 mrd 
compared with NS11 surface 2.6 mrd, and NS10 bulk chlo-
rite 3.7 mrd and NS11 surface 6.1 mrd (Fig. 10). Distribu-
tions with maxima less than 2 mrd can be considered to be 
close to a random distribution (1.0 mrd). In sample NS11 
the surface is mainly composed of cubic andradite which 
has a very weak preferred orientation (1.7 mrd).

Fig. 11  Pole figures (001) and 
(010) for antigorite, chlorite, and 
(001) and (110) for lizardite from 
the Alps and Northern Spain, pro-
jected on the approximate foliation 
plane. Same linear pole density 
scale for all samples except K978 
with logarithmic scale. Equal area 
projection. Maximum pole density 
in multiples of random distribution 
(mrd) is indicated for each sample
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Figure  12 compares pole figures of 4 samples with 
fibrous morphology (Fig. 2c, e, h, o). Based on TEM results 
(Fig. 9) SBen2 from a secondary vein, SN100 and Brg1852 
display tubular morphologies defining them as chrysotile. 
They all have a (100) maximum in the center of the pole fig-
ures which is close to the [100] fiber axis (e.g. Jagodzinski 
and Kunze 1954; Whittaker 1956), whereas Her1 is antig-
orite with elongated crystallites, with a (010) maximum and 
a [010] fiber direction (e.g. Kunze 1956). While all other 
samples show a maximum of (001) sheet plane normals, 
these fibrous samples display a strong maximum of the fiber 
directions [100] and [010]. It is an example where the pole 
figures can be used to define the crystallite microstructure 
and polymorphism.

Elastic anisotropy

From orientation distributions of component minerals corre-
sponding linear elastic properties can be calculated by aver-
aging over single crystal elastic properties. Linear elastic 
properties are described with the twice-symmetric fourth-
rank stiffness tensor Cijkl (or compliance Sijkl, which satisfies 
the “inversion relation” Cijkl ≡ Sijkl

−1). In the general case 
the tensor has 21 independent components (e.g. Nye 1985).

The averaging can be done as an arithmetic average of 
stiffness over all crystals (Voigt average, Voigt 1887) or an 
average of compliance (Reuss average, Reuss 1929). A Voigt 
average is higher (upper bound of the polycrystal proper-
ties) than the Reuss average (lower bound). The real elas-
tic properties of the polycrystal are between the two. Here 
we use the geometric mean model (Matthies and Humbert 
1995) that obeys the statistically important group principle 
(Matthies et al. 2001).

Table 4  Sample volume fractions from MAUD used for velocity aver-
aging
Sample Volume 

fraction %
001 
max 
(mrd)

001 min 
(mrd)

ODF 
max 
(mrd)

J

California
NS10-bulk Ant 68% 1.6 0.6 2.4 1.06
NS10-bulk Chl 32% 3.5 0.3 4.8 1.70
NS11-surface Ant 17% 2.4 0.6 4.1 1.17
NS11-surface Chl 7% 5.5 0.4 9.3 1.51
NS11 surface And 76% 1.7 0.8 2.3 1.04
MW1 Ant 57% 2.2 0.4 2.7 1.19
MW1 Chl 43% 2.4 0.4 4.6 1.34
SBen2 bulk Liz 1.3 0.8 1.2 1.01
SBen2 vein Liz 1.9 0.4 2.4 1.16
Central Alps
Brg758 Ant 15.0 0 163.6 14.60
Brg758 Liz 13.8 0 33.7 5.27
Brg758 Chrys 17.0 0 174.0 18.16
Brg1851 bulk Liz 3.5 0.3 16.3 1.61
Brg1852surface Chrys 8.9 0.1 12.8 2.90
Brg1863 Liz 69% 2.1 0.5 4.1 1.07
Brg1863 Chl 31% 2.1 0.6 5.2 1.17
Brg1870 Liz 1.9 0.6 2.3 1.13
K987 Ant 17.1 0.1 21.5 6.42
Spain
Ca11 Ant 1.7 0.6 1.9 1.07
Ca14 Ant 70% 2.0 0.7 2.5 1.09
Ca14 Chl 30% 2.3 0.6 2.5 1.20
Ca16 Ant 1.3 0.8 1.6 1.02
Her1 Ant 17.6 0.1 25.1 2.89
Texture information (001) max and min in mrd, ODF max and OD 
Texture Index J (Bunge 1982). Ant: antigorite, Liz: lizardite, Chrys: 
chrysotile, Chl: chlorite, And: andradite

Fig. 12  Pole figures of fibrous 
serpentine projected along the 
fiber axis. Same linear pole density 
scale for all samples. Equal area 
projection. Maximum pole density 
in multiples of random distribution 
(mrd) is indicated for each sample
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as pole figures. Supplementary Fig.  2a displays P-wave 
distributions for single crystals in spherical projections at 
ambient conditions. Lizardite is most anisotropic, chlorite 
is least anisotropic. P-waves propagating perpendicular to 
the sheet plane are slowest. The high anisotropy of lizardite 
is based on a simple ideal structure. All minerals considered 
here are not ideal but contain stacking faults, polysomatism 
and dislocations which will reduce anisotropy (e.g. Fig. 9). 
Also, first principles studies document that anisotropy is 
considerably reduced with increasing pressure. Particularly 
the weak stiffness perpendicular to the sheet plane greatly 
increases with pressure. Thus, our values for bulk anisot-
ropy provide an upper limit that is likely reduced, particu-
larly in the deeper Earth.

Using mineral stiffnesses, densities, orientation distribu-
tions and phase fractions elastic properties have been cal-
culated as a geometric mean (Table  5) and from it wave 
velocities have been derived with BEARTEX (Wenk et 
al. 1998) as described in Sect. 4.3. Elastic anisotropy (An) 
can be qualitatively described using P-wave velocities as 
An% = 200(VPmax − VPmin)/(VPmax + VPmin).

Distributions of P-wave velocities for bulk samples are 
shown in Fig. 13a–j in the same orientation as crystal ori-
entation pole figures (Figs. 10 and 11). In all serpentinites, 

Another approach is to use an iterative self-consistent 
algorithm that calculates elastic properties of the polycrys-
tal, treating it as an effective medium composed of grains 
approximated by ellipsoidal inclusions (e.g. Kröner 1958). 
This has been applied to slates with highly anisotropic grain 
shapes (Wenk et al. 2022) and can be done with the self-
consistent method GeoMIXself (GMS) (Matthies 2010, 
2012). But the slate study documented that grain shapes 
have only a small effect on anisotropy and are thus irrel-
evant for serpentinites.

Volume fractions of minerals are available from the Riet-
veld refinement (Table  4), and single crystal elastic con-
stants of minerals are taken from the literature (Suppl. Table 
2). We are using first principles results for antigorite (Satta 
et al. 2022; see also Bezacier et al. 2010, 2013), lizardite 
(Deng et al. 2022; see also Auzende et al. 2006a; Mookher-
jee and Stixrude 2009) and chlorite (Mookherjee and Main-
price 2014; see also Ulian et al. 2018) based on ideal crystal 
structures using the generalized gradient approximation 
(GGA, Perdew et al. 1996). These models also investigate 
changes with pressure (Supplementary Table 2). For our 
calculations we assume ambient conditions.

From elastic properties, anisotropic seismic wave veloci-
ties can be calculated in different directions and represented 

Table 5  Elastic properties of bulk serpentinites obtained by geometric mean averaging, expressed as 21 stiffness coefficients (Cij in GPa); wave 
velocity maxima and minima (P and dS velocities) are in km/s; P-wave anisotropy coefficient An (%); density (g/cm3)

NS10 MW1 SBen2 Brg1851 Brg1863 Brg1870 K987 Ca11 Ca14 Ca16
Density 2.55 2.55 2.5 2.55 2.5 2.5 2.55 2.5 2.5 2.5
C11 136.5 141.6 104.6 135.7 118.8 112.6 159.1 127.3 119.1 121.6
C22 126.3 128.7 102.5 99.1 117.2 107.4 154.2 119.0 115.8 120.3
C33 119.4 120.0 98.8 85.9 107.2 89.2 89.6 111.8 102.3 115.1
C44 38.0 37.8 30.0 26.1 33.0 28.2 25.4 35.2 30.2 36.2
C55 38.2 39.3 30.2 28.2 33.3 29.1 24.9 36.3 31.0 36.3
C66 40.8 42.9 31.1 33.5 35.9 33.4 52.9 38.5 35.3 37.6
C12 47.1 48.8 41.3 42.0 44.7 42.5 51.5 45.6 46.9 45.4
C13 46.2 47.2 40.8 38.3 43.5 40.1 34.9 44.7 45.7 44.9
C14 0.2 0.3 −0.1 0.1 −0.04 0.3 −0.7 0.1 −0.1 0.1
C15 −0.1 0.2 −0.5 0.6 0.2 −0.2 2.5 −0.7 0.9 −0.2
C16 −0.04 −0.1 −0.3 −1.2 0.1 0.5 −0.9 0.3 0.1 0.04
C23 47.7 47.6 40.7 38.5 43.4 39.6 35.8 44.6 45.5 45.0
C24 0.2 0.3 −0.3 0.1 −0.03 0.1 −1.1 −0.1 −1.2 0.2
C25 0.1 0.2 −0.1 0.02 0.1 −0.2 0.3 −0.1 −0.1 −0.1
C26 −0.4 −0.5 −0.3 −0.2 0.2 −0.1 −0.7 0.2 0.2 0.1
C34 0.3 0.5 −0.4 0.5 −0.5 0.03 0.0 0.03 −1.1 0.03
C35 0.2 −0.02 −0.5 0.05 0.1 −0.4 0.02 −0.3 0.4 0.1
C36 −0.1 −0.1 −0.03 0.1 −0.01 −0.1 0.3 0.03 −0.1 0.02
C45 −0.2 −0.1 −0.1 0.01 0.02 −0.04 0.01 0.1 0.01 −0.01
C46 0.1 0.4 −0.2 0.07 0.1 −0.3 0.7 −0.2 0.2 −0.1
C56 0.3 0.6 −0.2 0.2 −0.1 0.3 −0.7 0.1 −0.7 0.1
VPmax 7.99 7.45 6.41 7.29 6.82 6.64 7.84 7.00 6.83 6.83
VPmin 7.27 6.85 6.21 5.80 6.47 5.91 5.85 6.55 6.31 6.65
An(%) 9.5 8.4 3.2 22.8 5.3 11.6 29.1 6.6 7.9 2.7
dS max 0.34 0.26 0.07 0.55 0.19 0.31 1.42 0.17 0.28 0.08
Values assume ambient conditions
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Discussion

First a few comments about methods to measure CPO in 
serpentinites. Conventionally this was done with an opti-
cal microscope equipped with a universal stage on thin sec-
tions (e.g. Soda and Takagi 2010). A fairly large crystal size 
is required (> 0.1 mm) which is observed in recrystallized 
antigorite serpentinites. Most recent studies have used elec-
tron back-scatter diffraction (EBSD) which can be done on 
smaller grain size but also relies on well-crystallized grains 
and scans are done over areas ranging from 0.1 × 0.1 mm 
to 10 × 10 mm to obtain sufficient grain statistics. It is gen-
erally not feasible for lizardite with defects and chrysotile 
with bending of lattice planes.

Here we used high energy X-rays on cylindrical sam-
ples 2–3 mm in diameter and 10 mm long. This provides 
good grain statistics but requires rather sophisticated data 

slowest P-waves are perpendicular to the “foliation plane”, 
corresponding to the preferred orientation of (001) normals 
of sheet silicates. Notice that in most there is no axial sym-
metry in the P-wave distributions. An exception is K987 
with the strongest anisotropy (29%).

Figure 13k–t displays plots of shear-wave splitting (dif-
ference between fast and slow shear wave velocities). Dark 
lines in the shear-wave splitting plots indicate the orienta-
tion of the fast S-wave. Highest shear-wave splitting is in 
the XY plane. Also, here highest shear-wave splitting is 
observed in K987 (1.4 km/s), for all others it ranges from 
0.07 to 0.55 km/s (Table 5).

Fig. 13  a–j P-wave velocities VP for bulk serpentinites projected on 
foliation plane (same orientation as pole figures in Figs. 10, 11). Dif-
ferent scales are used for antigorite ( +) and lizardite (+ +) and for the 

highly anisotropic sample K987. Also indicated is bulk anisotropy in 
%. k–t Shear-wave splitting (dVS). Lines in dS plots indicate orienta-
tion of the fast S-wave. Equal area projection
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Sample K987 is a high-grade olivine-antigorite serpenti-
nite from Valmalenco (Fig. 11f) yielding a (001) maximum 
for antigorite of 17 mrd which is similar to previous results 
(Kern et al. 2015), with X-rays on another sample (13.2 
mrd) and neutrons on a larger sample (13.6 mrd). The result-
ing P-wave anisotropy of 28.9% is similar to 33% reported 
by Liu et al. (2020) based on EBSD measurements on small 
antigorite-rich patches.

Serpentinite zones can be compared with surrounding 
schists and slates that are highly anisotropic (e.g. Wenk et 
al. 2010, 2019, 2020). Figure 14 compares P wave velocities 
of Lugo slate from the Lower Cambrian Cándana Unit in 
Northern Spain (Wenk et al. 2022) with some serpentinites 
using normalized P-waves where the maximum is 10. The 
calculated P wave anisotropy for slate is 31.4% (Fig. 14a), 
higher than antigorite serpentinite (K987, 28.9%, Fig. 14b). 
Other samples which still have significant preferred orien-
tation have much weaker anisotropies (Brg1870, 7.6% and 
Ca11, 6.6%, Fig. 14c, d).

Elastic properties obtained by acoustic measurements 
can be compared with those based on CPO data on the same 
samples. This has been done by performing acoustic mea-
surements of compressional and shear wave velocities on 
antigorite serpentinites from Japan on cubes up to 180 MPa 
(Watanabe et al. 2014), on serpentinite from China (Ji et al. 
2013; Shao et al. 2014) on 2.5 cm diameter cylinders up to 
600  MPa and on sample K987 from Valmalenco both on 

analysis. This method can be applied to all serpentine poly-
morphs. Yet another method is neutron diffraction with very 
high sample penetration (1–5 cm).

Methods have been compared (optical, EBSD and 
X-ray) for Toba serpentinites and reasonable agreement was 
achieved but X-rays provided better statistics (Soda and 
Wenk 2014). EBSD often emphasizes some large grains. 
Neutrons and X-rays were compared for Valmalenco ser-
pentinite (Kern et al. 2015). Both provided similar results 
but the peak to background ratio was much better for X-rays 
than neutrons because of hydrogen scattering.

The serpentinite samples investigated in this study come 
from a variety of geological settings and formed in condi-
tions that span a large range of pressure, temperature and 
tectonic history. The petrographic and electron microscopic 
observations of the samples at different scales show that ser-
pentinites are very heterogeneous, and they often formed in 
different generations, as evidenced by compositional zoning, 
secondary veins and fractures, where younger serpentine 
precipitated and was deformed (e.g. Fig. 7). Such complexi-
ties are also ubiquitous on the outcrop scale (Fig. 2a, f, i, k) 
and in thin sections (e.g. Fig. 6b, d, e, d, j, n). Serpentinites 
examined in this study rarely extend over large distances. 
They form generally fairly narrow layers, often broken up 
into patches and locally stretched out with foliation devel-
opment like MW1 along the San Andreas fault or NS10 
along the Melones fault in California.

TEM data highlight heterogeneities at the microscopic 
scale with intergrowths of serpentine polymorphs, and with 
chlorite as was also reported in other serpentinites (e.g. Wun-
der et al. 2001; Zhang et al. 2021). The detection of more 
than one type of polymorph at the micron scale suggests that 
the formation was not at thermodynamic equilibrium con-
ditions, but likely kinetically controlled (e.g. Evans 2010). 
In addition to polymorphism, polytypism plays a role, with 
antigorite showing ubiquitous variations in wave-repeat. 
There are many stacking faults and dislocations (Fig.  9). 
Particularly lizardite is clearly not a homogeneous sheet as 
is mica or chlorite. This will affect elastic properties which 
have all been based on first principles calculations assum-
ing ideal crystal structures (Suppl. Fig. 2). In real serpentine 
elastic anisotropy is likely considerably weaker.

The X-ray bulk sample diffraction data show that for 
many samples CPO is weak (1.5–3 mrd; Figs. 10, 11), 
and correspondingly calculated seismic anisotropy is low 
(Fig.  13). For those samples that do have a stronger pre-
ferred serpentine orientation such as NS10 bulk (Fig. 10a) 
and MW1 (Fig.  10f), the degree of serpentine alignment 
in (001) pole figures is still less than 3.5 mrd. Brg1851 
(Fig.  11a, 3.5 mrd) was actually measured on a fragment 
close to the fracture surface and thus high CPO and anisot-
ropy do not represent the bulk material.

Fig. 14  Relative P-wave velocities for a Slate from Lugo, Spain (Wenk 
et al. 2022), b antigorite serpentinite K987 from Valmalenco, c lizard-
ite serpentinite Brg1870 from the Alps and d Ca11 antigorite serpenti-
nite from Spain. All distributions are normalized so that the maximum 
is 10. The minimum is indicated in the center. Anisotropies % are 
listed. Equal area projection
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Conclusions

This study is a first survey of serpentinite preferred orienta-
tion and elastic anisotropy in samples from a wide range 
of geological settings. It documents that serpentinites 
from California, the Alps and Spain are heterogeneous at 
all scales. A few samples show high crystal alignment and 
correspondingly high seismic anisotropy but most display 
only weak orientation patterns in bulk samples, as quanti-
fied with high energy synchrotron X-ray diffraction. Excep-
tions are surfaces on interfaces of fractures where tectonic 
movements occurred, and new phases precipitated and were 
deformed. The volume of these fracture surfaces is mini-
mal compared with the bulk volume. Another example of 
high alignment is secondary crystallization of serpentine in 
veins. Locally high-grade recrystallized antigorite serpenti-
nite may contribute to observed seismic anisotropy in sub-
ducting slabs, but it may not be a major factor.
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5 cm diameter cubes and 5 cm spheres at pressures up to 
600 MPa (Kern et al. 2015). At ambient conditions velocities 
are lower and anisotropy is higher due to microfractures, but 
above 300 MPa porosity is largely closed. At these moder-
ate pressures modeled elastic properties of bulk rocks, based 
on CPO and elastic properties of single crystals, are similar 
to those based on measured wave velocities.

CPO is therefore a straightforward way to assess bulk 
elastic anisotropy in serpentinites and was used in our study 
(Table  5). Obtaining reliable elastic properties of crustal 
and mantle lithologies is essential for better understanding 
the rheology of the solid Earth as well as interpreting seis-
mic observations. Trench-parallel anisotropy was observed 
in Northern Spain (e.g. Acevedo et al. 2021; Barruol et al. 
1998; Díaz et al. 2006; Ruiz et al. 2017) and serpentinites 
may indeed contribute to it as suggested by the authors, but 
they have relatively small volumes and very weak anisot-
ropy (Fig. 13h–j) compared with slates (Wenk et al. 2022). 
The same applies to serpentinites in western North America 
and the Alps, where also slates and schists may contribute 
significantly to anisotropy. It should be mentioned again 
that anisotropies in Table 5 are likely too high since they 
rely on first principles calculations on ideal single crystals 
and assume ambient conditions. With increasing pressure 
anisotropies of antigorite (Satta et al. 2022) and lizardite 
(Deng et al. 2022) decrease greatly because the tetrahe-
dral-octahedral single layer sheet structure compacts. For 
example for antigorite at 0 GPa pressure the stiffness C11 
(perpendicular to the sheet plane) is 85 GPa, increasing to 
170 GPa at 8 GPa pressure, while C22 barely changes (~ 210 
GPa) (Satta et al. 2022), becoming almost isotropic. At 4–5 
GPa, in a subducting slab, antigorite anisotropy is about half 
the value at ambient conditions and used in Figs. 13 and 14.

At higher pressure and temperature serpentine trans-
forms. So far most attention has been given to dehydration 
of serpentine and converting it to olivine, enstatite, ring-
woodite/wadsleyite and at higher pressure to bridgman-
ite (e.g. Hilairet et al. 2007; Padrón-Navarta et al. 2010; 
Raleigh and Paterson 1965) but in the future one should 
also consider transforming serpentine to stable hydrous 
high pressure phases which were already explored by Ring-
wood and Major (1967). Phase D MgSi2O4(OH)2 (Liu 1986; 
Shieh et al. 2000; Yang et al. 1997) at ~ 20 GPa, and phase 
H MgSiO2(OH) (Nishi et al. 2014; Ohira et al. 2014; Xu et 
al. 2022) at ~ 40 GPa are elastically very anisotropic. Defor-
mation experiments on phase D document strong texture 
development (Rosa et al. 2013; Wu et al 2024) and may 
be significant for seismic heterogeneities and anisotropy in 
the mantle transition zone as well as the lower mantle (e.g. 
Durand et al. 2024).
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