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Abstract The Buck Creek ultramafic complex is a fragment of oceanic cumulate emplaced into the lower
Laurentian continental crust during Ordovician Taconic subduction. We document olivine fabrics in the
relatively pristine dunites preserved from peak metamorphic conditions of ∼850°C and 1.0–1.4 GPa confining
pressure. Mineral assemblages and microstructures indicate nearly anhydrous conditions at peak metamorphism
and the activity of dislocation creep with minor evidence of grain boundary sliding. Grain size piezometry
indicates stress conditions of ∼17–25 MPa. Analysis of crystallographic preferred orientations (CPO) and
intracrystalline misorientations indicate the primary activity of the [001](010) slip system leading to the
development of B‐type olivine fabrics. We suggest that the Buck Creek dunites formed as ocean crust cumulates
and were partially subducted beneath the Laurentian continental crust to deformation conditions similar to those
in the shallow mantle wedge. We document that deformation at Buck Creek occurred at lower differential stress
conditions and lower water content than typically associated with B‐type CPOs, broadening the range of known
conditions in which these fabrics may form.

Plain Language Summary Olivine is the most abundant mineral in the Earth's upper mantle, and its
mechanical behavior influences important processes, including plate tectonics. Previous research finds that
when rocks are squeezed deep within the Earth, an alignment of olivine crystal axes, referenced as “fabric,” can
be produced that varies with pressure, temperature, water content, and other factors. In this work, we document
the fabric in olivine‐rich rocks of the Buck Creek ultramafic complex, a large fragment of oceanic crust exposed
in the southern Appalachians. We show the development of a particular crystal fabric style (B‐type) that formed
at lower stress conditions and water content than predicted by most experimental work. This finding is important
because it expands our knowledge of the olivine deformation style in the natural world, informing our
understanding of deep Earth processes.

1. Introduction
Our understanding of the relationship between olivine crystallographic preferred orientation (CPO) and plastic
deformation of mantle rocks has expanded significantly through experimental and natural studies of peridotites.
Experimental work documents distinctive olivine CPO types (termed A, B, C, D, E, AG) (Figure 1a inset) defined
by characteristic alignments of [100], [010], and [001] with respect to a kinematic reference frame (strain X‐Y‐Z).
These distinct CPO types develop through the activity of specific slip systems that dominate at particular
deformation conditions: temperature, differential stress, water content, pressure, deformation mechanisms,
presence of melt, and the geometry of finite strain (Carter & Ave'Lallemant, 1970; Chatzaras et al., 2016; Jung,
Mo, & Green, 2009; Jung et al., 2006; Karato et al., 2008; Kohlstedt & Holtzman, 2009; Nicolas et al., 1973;
Précigout & Hirth, 2014).

Ideally, these experimentally constrained olivine CPO types would be well‐linked to tectonic settings such that
natural patterns provide clues to deformation conditions and seismic anisotropy within the mantle. Accordingly,
efforts to document natural olivine deformation conditions have focused on mantle xenoliths (Behr &
Smith, 2016; Chatzaras et al., 2016; Jung, Mo, & Choi, 2009; Lee & Jung, 2015) as well as in situ, tectonically
emplaced ultramafic bodies (Cao et al., 2017; Drury et al., 2011; Jung, 2009; Jung et al., 2014; Mizukami
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et al., 2004; Précigout & Hirth, 2014; Skemer et al., 2006; Tasaka et al., 2008; Webber et al., 2008). In a recent
review of natural olivine deformation data, Bernard et al. (2019) showed that formation conditions for natural
olivine CPO types are not well correlated with experimental constraints, particularly when extrapolated to lower
stress magnitudes and water contents (Figure 1a). At these lower stresses and strain rates, the CPO type may
depend more on factors such as strain geometry, strain path, or deformation mechanisms than on deformation
conditions. Most peridotites from the shallow, water‐depleted continental and oceanic lithosphere preserve A‐
type fabrics (Bernard et al., 2019), the most commonly observed olivine CPO, which develops by dominant
slip on the (010) plane in the direction of [100]. Experimental and natural constraints show that A‐type fabrics
form under conditions of low water contents (<700 ppm H/106 Si) and stress magnitude (Figure 1a) (Bernard
et al., 2019), consistent with this shallow lithospheric setting.

We focus on the less common B‐type fabrics formed by slip on the (010) plane in the direction of [001].
Experimental studies at high temperatures (1470–1570 K) (Jung et al., 2006; Karato et al., 2008) indicate that B‐
type fabrics typically develop under conditions of relatively high stress (>300 MPa) and high water content
(>500 ppm H/106 Si) (Figure 1a). In water‐saturated experiments, decreasing stress and temperature produces a
transition from B‐ to C‐type fabrics (Katayama & Karato, 2006) (Figure 1b). In natural samples, B‐type fabrics
have been documented in a wider range of settings, including some with significantly lower water content and
stress conditions than predicted by experimental data (Bernard et al., 2019). B‐type fabrics in olivine with low
water content have also been associated with higher pressures deeper in the mantle (Lee & Jung, 2015; Précigout
& Hirth, 2014). Similar to other CPO types, finite strain, strain history, and deformation mechanisms may
significantly influence the formation of B‐type fabrics in natural samples (e.g., Bernard et al., 2019). For example,
diamond‐bearing peridotites from South Africa (Lee & Jung, 2015) and mantle xenoliths from West Antarctica
(Chatzaras et al., 2016) document a link between B‐type fabrics and oblate finite strain.

Numerical modeling (Kneller et al., 2005, 2007) and observations in naturally deformed samples suggest that B‐
type slip during corner flow above older and colder subducting slabs under relatively wet, low stress conditions
(Cao et al., 2015, 2017) may explain observations of seismically fast directions parallel to the trench. Thus, data
from in situ ultramafic bodies tectonically emplaced above a subduction zone are critical to refining the range of
conditions and history of deformation that form and preserve B‐type fabrics. Existing studies from in situ bodies
have identified B‐type fabrics in a variety of tectonic settings. For example, some B‐type fabrics, such as from the
Bergen arc and Western Gneiss Region in Norway (Jung et al., 2014; Kim & Jung, 2015), the Swiss and Italian
Alps (Jung, 2009; Skemer et al., 2006), and the Sangabawa belt (Tasaka et al., 2008), developed in relatively low
stress, low temperature, and hydrous conditions consistent with formation in the shallow subduction wedge. In
other instances, the B‐type fabrics are associated instead with compaction of a crystal mush in a cumulate magma
chamber setting (Cao et al., 2017; Yao et al., 2019). Strain history is also a factor; grain‐size sensitive deformation
mechanisms (e.g., grain‐boundary sliding) are suggested to explain B‐type fabrics preserved in the Ronda massif,
Spain (Précigout & Hirth, 2014). In the Red Hills, New Zealand, B‐type fabrics may be the result of resetting a
pre‐existing fabric (Webber et al., 2008, 2010).

“Alpine‐type” ultramafic bodies exposed along the trend of the Appalachian Mountains represent an ideal target
for documenting olivine fabrics emplaced above a subduction zone. These bodies form a discontinuous chain to
the southeast of ∼1.0 Ga basement massifs (Hibbard et al., 2006; Larabee, 1966), and the Blue Ridge of the
southern Appalachians hosts numerous small and lenticular ultramafic bodies (Misra & Keller, 1978) emplaced
during the early Paleozoic Taconic Orogeny. Many of these bodies are predominantly dunite with pristine olivine
(Raymond et al., 2003).

We focus on the exceptionally well‐characterized Buck Creek ultramafic body exposed in southwestern North
Carolina (Figure 2a), the largest of the southern Appalachian ultramafic bodies. The Buck Creek body, comprised
of mostly dunite interlayered with meta‐troctolite, is enclosed within the Chunky Gal mafic complex (McElhaney
& McSween, 1983) (Figure 2b). Field relationships and geochemistry indicate that the Buck Creek‐Chunky Gal
ultramafic‐mafic complex formed as a mid‐ocean‐ridge cumulate (Peterson et al., 2009), likely Cambrian—
Ordovician Iapetus oceanic crust. Sapphirine‐bearing symplectite assemblages within the meta‐troctolite sug-
gest nearly anhydrous peak metamorphic conditions of ∼850°C and 0.9–1.0 GPa (Lang et al., 2004; Tenthorey
et al., 1996). Localized hydration along the margins of the meta‐troctolite bodies created corundum‐kyanite‐
zoisite assemblages consistent with formation at ∼825°C and 1.1–1.4 GPa, similar to peak metamorphic
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conditions (Emilio, 1998), and overlapping with peak Taconic granulite‐
facies conditions of ∼850°C at 0.7–0.9 GPa at 458 ± 1 Ma documented at
Winding Stair Gap (WSG—Figure 2a) (El‐Shazly, AK et al., 2011; Moecher
et al., 2004). Peterson et al. (2009) suggested that the Buck Creek‐Chunky Gal
complex was subducted to depths of >30 km under dry conditions; localized
hydration near peak pressures facilitated emplacement into the lower conti-
nental crust during the Taconic orogenic event. The complex is bounded by
the Chunky Gal Mountain fault and experienced multiple stages of regional
deformation related to continuing convergence that culminated in the colli-
sion of Gondwana with Laurentia (Hatcher, 1978; Lacazette & Rast, 1989;
McElhaney & McSween, 1983; Peterson et al., 2009).

We make a case that the Buck Creek cumulate olivine, emplaced in a sub-
duction zone setting into the lower Laurentian crust, preserves B‐type fabrics
developed in the region of the Taconic subduction wedge under conditions of
relatively low stress, low temperature and low water content, broadening
constraints on the evolution of these fabrics in a well‐characterized natural
setting.

2. Materials and Methods
2.1. Field and Sampling Methods

Sampling for this study was guided by detailed maps created by Hadley
(1949) and participants of the Buck Creek REU program (Peterson
et al., 2009) (Figure 2b). Oriented samples that preserve significant pristine
olivine with minimum secondary hydration or alteration were collected across
the Buck Creek ultramafic complex. Seven samples are from the Corundum
Knob area, with three other samples from the eastern part of the body
(Figure 2b). Lithologically, eight samples are dunites (NC13‐9b, NC13‐10,
NC16‐3, NC16‐5, NC16‐6a, NC16‐12, NC16‐13, and NC16‐17). Sample
NC16‐6a is from an outcrop with thin dunite‐troctolite cumulate layers, and
NC16‐2 is a meta‐troctolite with olivine, plagioclase and a metamorphic
symplectite. Sample numbers include a prefix indicating general location and
sample year; in the rest of the paper, we reference only the sample numbers
without prefix. International Geo Sample Numbers (IGSNs) are linked in
Text S1.

The dominant planar fabric within the Buck Creek complex relates to the
regional S2 foliation (Figure 2b). S2 is defined locally by weak flattening of
olivine and plagioclase grains in dunite and troctolite and alignment of hy-
drous minerals, mainly amphiboles and chlorite. The Buck Creek body and S2
fabrics are folded at the map scale by upright, moderately NE‐plunging
regional F3 folds (Peterson et al., 2009). Hydrous secondary minerals
locally define axial planar fabrics and intersection lineations associated with
F3 folds. The granular nature of the olivine in these samples made it difficult
to visually estimate olivine‐defined planar and linear elements to confidently
estimate SPO (X‐Y‐Z axes) for the olivine at the field or hand‐sample scale.
Thin sections were cut in our best estimate of the inferred X‐Z plane (i.e.,
parallel to lineation and perpendicular to foliation). It is unclear how the strain
reference frame that corresponds to olivine internal deformation relates to
structural fabrics in surrounding rocks or those defined by secondary hy-
dration minerals. The challenges with the determination of olivine SPO led us
to alternative approaches (discussed below) to better define the strain refer-
ence frame appropriate for CPO interpretation.

Figure 1. Graphs showing the range of common olivine deformation types
for experimental and natural samples, adapted from Bernard et al. (2019).
Inset: Typical CPO patterns of principal crystallographic axes for each
deformation type shown on lower hemisphere equal area nets, adapted from
Chatzaras et al. (2016). (a) Graph of water content versus stress. The higher
stress region of the graph (above 100 MPa) shows shaded ranges of
experimental conditions for CPO A–E‐type olivine based on data from Jung
et al. (2006) with dashed‐line boundaries projected to lower stresses. Lower
stress region shows range of natural published CPO A–C‐types from Figure
7 of Bernard et al. (2019); shaded regions encompass their plotted data
points for each type (A = yellow, B = red, C = blue). Solid symbols in
darker colors with error bars represent median and lower quartile ranges for
each type. (b) Graph of temperature versus stress illustrating conditions for
B‐ to C‐type transition, adapted from Figure 8a of Bernard et al. (2019).
Higher stress experimental ranges and the KK06 B—C transition to lower
stress from Katayama and Karato (2006). Shaded red and blue regions show
the range of natural B‐ and C‐type samples of Bernard et al. (2019). Yellow
rectangle shows approximate deformation conditions for Buck Creek
samples in this study.
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2.2. Thin Section Textures

Olivine textures were described in plane‐ (PPL) and cross‐polarized light (XPL) using the petrographic micro-
scope facilities at Grand Valley State University. Textural observations were enhanced by high‐resolution whole‐
section XPL photos of each sample. Observations included olivine grain shapes, size variation, grain boundary
characteristics, and internal deformation features (e.g., undulose extinction or subgrain boundaries).

2.3. EBSD Analysis

Crystallographic orientations were determined via Electron Backscatter Diffraction (EBSD) at Washington and
Lee University. Mechanically polished thin sections were subjected to a final polishing step using a 0.04 μm

Figure 2. Location maps adapted from Peterson et al. (2009). (a) Tectonic setting of Buck Creek complex showing major
Blue Ridge Terranes and terrane‐bounding faults with North Carolina location map inset. BC = Buck Creek ultramafic
complex (black) surrounded by Chunky Gal Mafic complex (green); CGMF = Chunky Gal Mountain Fault;
WSG=Winding Stair Gap. Rectangle inset shows the location of (b). (b) Geologic map of Buck creek complex with sample
locations.
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colloidal silica slurry. Data were acquired using a Zeiss EVOMA 15 Scanning Electron Microscope (SEM) using
an Oxford Instruments Nordlys Nanodetector and AZtec software. Operating conditions included an accelerating
voltage of 25 kV, a beam current of 20 nA, a working distance of ∼25 mm, and a chamber pressure of 30 Pa.
Given the size of the olivine grains (often >100 μm), large areas (typically 300–500 μm2) were scanned to obtain
representative textures. Scans were collected in 400 μm × 300 μm tiles, using a rectangular grid with an 8 μm step
size that were merged into a single data set in AZtec and processed using the MTEX open source toolbox v. 5.8.1
(Bachmann et al., 2010). Low quality data (with mean angular deviation values >1.25°) and small grains (fewer
than six pixels) included within larger olivine grains were interpreted to be spurious and filtered out of the data set.
Large un‐indexed areas with equant shapes (with a relatively low perimeter to area ratio) are treated as “grains” of
non‐indexed pixels; these regions are interpreted to represent secondary phases. Un‐indexed areas with a large
perimeter to area, such as fractures commonly observed in thin section (Figure 3), were removed from the data set
to allow these olivine segments to be merged together. Grains were defined using a 15° misorientation between
adjacent pixels and pole figures were plotted using one point per grain. Aspects of fabric texture were assessed
quantitatively and calculated with routines presented in Mainprice et al. (2014). Investigated metrics include the

Figure 3. Thin section photomicrographs illustrating common textures. (a) Core and mantle structure with large relict olivine
grain in center, exhibiting undulose extinction and surrounded by smaller recrystallized grains (e.g., circled area) (sample 3).
(b) Kink banding within relict olivine grain (yellow arrow) cut by serpentine veins (sample 10). (c) Kink banding in
∼orthogonal orientations (yellow arrows) within relict olivine grains (sample 5). (d) Annealed olivine grains with 120° triple
junctions (sample 6a). (e) Diamond‐shaped grains (x) intersecting at 4‐grain junction (yellow arrow) (sample 5). (f) 4‐grain
junction (black arrow) and diamond‐shaped grain (x) (sample 6a).
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M‐index and J‐index (which describe fabric strength) as well as Wood-
cock's (1977) K characteristic (K > 1 for point maxima and K < 1 for girdles)
and the BA index (a measure of axial symmetry with BA = 0 related to axial‐
[010] and BA = 1 related to axial‐[100]).

Olivine CPO fabrics are typically interpreted in a reference frame defined by
the finite strain axes, with the Y‐direction of strain at the center of a lower
hemisphere stereonet and the X‐ and Z directions oriented E‐W and N‐S,
respectively. We faced the common challenge (Cao et al., 2017; Chatzaras
et al., 2016) of accurately recognizing the strain reference frame using macro‐
scale SPO in dunites with granular olivine and a locally developed secondary
foliation defined by hydrous minerals. Despite our best efforts, our initial pole
figure plots (Figure S1 in Supporting Information S1) revealed well‐defined
CPOs but with varied and unusual orientation patterns that suggest that our
initial estimates of the X‐Y‐Z of strain reference frame were incorrect. We
subsequently applied the methods described below to better approximate the
appropriate reference frame for CPO interpretation.

2.4. Methods for Estimating Shape Fabrics

2.4.1. Crystallographic Vorticity Axis Approach

We assessed the SPO of our samples using crystallographic vorticity axis
(CVA) analysis (Michels et al., 2015). In this method, the dispersion of
crystallographic orientations from within individual grains is used to define a
grain‐scale vorticity axis, and the distribution of these axes from multiple
grains provides an estimate of a sample‐scale vorticity axis. Except in cases of
transpressional deformation, the CVA axis will be parallel to the Y direction
of finite strain. With an assumption of simple shear deformation (not trans-
pression), this approach provides valuable information for orienting the
EBSD data in a strain reference frame.

AlthoughMichels et al. (2015) recommend a cut‐off value of grain orientation
spreads (GOS) > 1.0°, we observed that machine drift produced a small but
systematic misorientation in weakly deformed grains that caused the inferred
CVA axis to be consistently and erroneously placed in the same position for
all samples. Thus, we restricted CVA analyses to grains with GOS > 2.0°
(Figure S1 in Supporting Information S1). We rotated each data set to align
the CVAwith the Y‐axis of the pole figure (center of the plot—Figure 4 CVA
plots), though we note this approach provides no control on the orientation of
the X or Z axes, which are oriented arbitrarily.

2.4.2. Olivine and Spinel Shape Fabric Analysis

Other studies have used spinel SPO determined with X‐ray tomography to
provide the strain reference frame for olivine pole figures (Cao et al., 2017;
Chatzaras et al., 2016). We applied a similar reference frame approach using
threemutually orthogonal thin sections (VanEss&Peterson, 2018) to estimate

Figure 4.

Figure 4. Contoured lower hemisphere equal area projections of olivine
crystallographic axis orientations for each sample (CPO plots) representing one
point per grain with n= #grains. Plots showM‐, J‐, and BA‐indices for each sample.
The contouring half‐width is 10°. The X‐Y‐Z reference frames are based on
reorientation from the original plots in Figure S1 in Supporting Information S1 using
the CVA method described in the text. The right‐hand plots show the contoured
CVA data and selected CVA maxima rotated so that the maxima are at the center of
the net and parallel to Y.
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both the spinel and olivine SPOs. For three samples (3, 5, and 10), 2‐D ellipses were fitted to olivine and spinel
(chromite) grains (Text S1 in Supporting Information S1) and the SPO relative to the thin sectionwas determined in
the EllipseFit program (Vollmer, 2018); these were combined in the EllipseFit program to create a best‐fit strain
ellipsoid, taken to define the orientation of the 3‐D X‐Y‐Z strain reference frame. We rotated the crystallographic
data in MATLAB for each sample into these reference frames.

2.5. Assessment of Slip Systems

We assessed the slip systems active during olivine deformation using misorientation axes across subgrain
boundaries. Dislocation motion can produce crystal domains separated by subgrain walls, with orientations
related by a misorientation axis that is perpendicular to the direction of motion and within the slip plane
(Chatzaras et al., 2016; Lloyd et al., 1997). For each sample, the inverse pole figures show misorientation axes
associated with these boundaries that can be linked to active slip systems during olivine deformation. For an
independent constraint, we spot‐checked the slip systems for several samples using the Weighted Burgers
Vector (Wheeler et al., 2024; Wieser et al., 2020).

2.6. Recrystallized Grain Size Piezometry Analysis

Paleopiezometry is founded in experimental work that demonstrates an inverse relationship between recrystal-
lized grain size and differential stress. Karato et al. (1980) determined a piezometer equation based on experi-
mental work on dry single‐crystal olivine grains, while Van der Wal et al. (1993) developed an experimental
calibration using “wet” natural dunites and “dry” data from Karato et al. (1980) that established a stress‐
recrystallized grain size relationship independent of temperature and water content.

Piezometer equations are written in the form Dg = Aσ− n in which Dg is recrystallized grain size (μm), σ is dif-
ferential stress (MPa), and A and n are empirically derived constants. We use the equation of Van der Wal
et al. (1993) (Equation 1) to estimate differential stress from the size of dynamically recrystallized olivine grains
in our samples.

Dg = 15000 ∗ σ− 1.33 (1)

Thin sections were used for initial measurement of recrystallized grain size. We observed both larger grains,
assumed to be relict, and smaller, equant grains with minimal internal deformation interpreted as recrystallized
grains. For each thin section, the diameters of one hundred recrystallized grains with little or no internal
deformation were measured in XPL along traverse lines.

We additionally estimated recrystallized grain size from EBSD data by adapting the method of Cross et al. (2017)
developed for quartz (Figure S2 in Supporting Information S1). The revised code for olivine (Mennenga, 2024) is
referenced in the Open Research section. This method evaluates intracrystalline lattice distortion to separate relict
versus recrystallized grains by calculating the GOS values for each grain to identify recrystallized grains with low
internal distortions. The EBSD method is effective for the identification of recrystallized grains and evaluates a
larger sample size than the optical microscopy approach. Samples 3, 5, 6a, 9b, 10, 13, and 16 were dominated by
well indexed olivine (Figure S2 in Supporting Information S1) that could be effectively used to estimate
recrystallized grain size without effects of grain pinning by other primary or secondary minerals. The quality of
indexing is spatially variable in sample 10; for it, we limit our piezometry analysis to a well‐indexed subset of the
full data set (about half of the full map; box in Figure S2 in Supporting Information S1). Three samples (2, 12, and
17) were not used for piezometry. Sample 2, dominated by plagioclase and symplectite, has minimal and widely
spaced olivine. Samples 12 and 17 are altered by secondary minerals, leading to spaced and relatively poorly
indexed olivine (Figure S2 in Supporting Information S1).

3. Results
3.1. Thin Section Textures

The dunite samples included larger relict olivine grains (∼0.8–10 mm) interspersed with smaller (<0.5 mm) more
equant recrystallized grains. Locally, we observed relict and recrystallized grains with core and mantle textures
(Figure 3a). The relict grains are typically slightly elongate (up to∼2.5:1 length/width ratio) and preserve internal
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deformation in the form of undulose extinction, subgrains, and kink boundaries (Figures 3a–3c). Bulging is less
common and mostly evident from encapsulated grains and serrated boundaries along the relict grains (Figure 3a).
Recrystallized grains show minor or no internal deformation and may display 120° grain boundaries, typical of
annealing (Figure 3d). In places, we observed diamond‐shaped grains with conjugate boundaries and grains
intersecting in a 4‐grain junction with ∼90° angles (Figures 3e and 3f).

Many samples include thin (∼10–30 μm) non‐parallel serpentine‐filled fractures that follow grain boundaries or
cut across larger grains. The two troctolite samples contain plagioclase, separated from the olivine by a sym-
plectite reaction texture (e.g., Tenthorey et al., 1996) and locally replaced by minor amphibole and mica. Euhedral
to subhedral grains of chromium spinel are dispersed throughout each sample. Scattered thin grains of secondary
chlorite cut across olivine grains, particularly in sample 16 as well as samples 2, 6a, 12, and 17.

3.2. EBSD Analysis

Seven of the eight dunite samples analyzed using EBSD (3, 5, 6a, 9b, 10, 13, and 16) are dominated by olivine
with large numbers (>100,000) of well‐indexed olivine analyses (Figure S1 in Supporting Information S1).
Patchy poorly resolved areas in sample 12, extensive areas of plagioclase and symplectite in sample 2, and
secondary chlorite in sample 17 resulted in fewer indexed olivine analyses (<100,000).

3.2.1. Crystallographic Preferred Orientation (CPO) Data

Plots of crystallographic data on lower hemisphere stereonets in our field‐estimated strain reference frame (Figure
S1 in Supporting Information S1) display [100] clustering with strongly to moderately defined maxima and more
dispersed girdle patterns with moderate to poorly defined maxima for [010] and [001] axes. M‐index values,
indicating fabric strength, range from 0.016 to 0.271 (Table 1). The BA‐index values, representing axial sym-
metry, range from 0.450 to 0.783, with most values above 0.60 (Table 1). For most samples, the K characteristics
for [100] are >1 (point maxima) and those for [010] and [001] are <1 (girdles) (Table 1). The variable CPO
patterns and the occurrence of CPOs with maxima not aligned with our inferred X‐Y‐Z directions suggest a
reference frame issue that led us to attempt approaches to better identify the kinematically significant reference
frame.

The X‐Y‐Z strain reference frame for the olivine CPO patterns does not appear to be influenced by local or
regional structures. When reoriented to nets in a geographic reference frame, the orientations of [100] point
maxima vary across the body in a pattern that is generally consistent with deformation by regional D2 and D3 fold
structures. We also do not see evidence that shearing deformation associated with the Chunky Gal Mountain fault
influences deformation features in our samples. The fault deformation features are primarily localized shear zones
near the boundary between the amphibolite surrounding the dunite and the country rock with no related shear
zones within the dunite body.

Reorientation of the CPO data using CVA analysis produced more consistent patterns for the [100] orientations
(Figure 4). Six samples with well‐indexed olivine and coherent EBSD grain maps (3, 5, 6a, 9b, 10, and 13)
generate CPO patterns with a strong [100] maxima near the inferred vorticity axis/Y kinematic axis at the net
center, and [010] and [001] girdles dispersed along the stereonet margins (Figure 4). Despite a well‐indexed data
set for sample 16, [100] orientations are generally clustered near the net center, but with a poorly defined maxima.
The lower percentage of indexed olivine in samples 2, 12, and 17 (Figure S2 in Supporting Information S1) results
in more dispersed CPO data. Similar to the other samples they display [100] clusters near the net center and [010]
and [001] girdles, with the exception that the [100] cluster for sample 12 is closer to the net margin (Figure 4).
These clusters are supported by our exploratory Weighted Burgers Vector analysis. We consistently find
Weighted Burgers Vectors oriented parallel to [001] and at a high angle to both the trace of subgrain boundaries
and the [100] direction (see Figure S3 in Supporting Information S1 for representative examples). These re-
lationships suggest [001](010) slip, which produces clusters of [100] parallel to the kinematic Y direction,
consistent with the reference frame determined by the CVA approach.

Our reorientation of the CPO data using olivine and spinel SPO from three samples with orthogonal thin sections
produced mixed results (Figure 5). Reorientation of sample 3 data using both the olivine and spinel SPO reference
frames results in [100] maxima near the Z‐axis and girdle patterns across the center of the CPO plots for both
[010] and [001] orientations (Figures 5a and 5b). Reorientation of sample 5 data into both the olivine and spinel
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SPO reference frames results in [100] maxima near the center of the CPO plots, although the [100] maxima in the
spinel SPO reference frame lies ∼halfway between the center (Y) and the X‐direction (Figures 5c and 5d). The
[010] and [001] orientations in the CPO plots for both olivine and spinel reference frames are dispersed around the
outside of the net with no clear maxima. Reorientation of sample 10 data into both the olivine and spinel SPO
reference frames results in CPO plots that differ from each other. Within the olivine SPO reference, the [100]
maxima lie near Z, [010] near Y and [001] near X (Figure 5e). Within the spinel SPO reference frame, the [100]
maxima lie near Y, [010] near X and [001] near Z (Figure 5e).

3.2.2. Misorientation Data

The inverse pole figures (Figure 6) display the misorientation axes, defined by misorientation angles >5°, across
subgrain boundaries in a crystallographic reference frame that reflects the specific active slip systems. Typical
misorientation directions associated with tilt walls are shown in Figure 6 inset, while misorientation around twist
walls is at 90° from the tilt wall orientations. Most samples in this study have misorientation clusters at or near
[100] on the inverse pole figures (Figure 6). Sample 3 has a cluster at [010] with spread toward [100], and sample
9b has orientations slightly offset from [100] in the direction of [010].

Table 1
Fabric Strength, Grain Size, and Stress Data From Buck Creek Samples

Sample 2a,b 3 5 6a 9b 10 12b 13a 16 17b

Indexing % of olivine versus non‐indexed

Raw indexing % 18 69 75 66 66 58 54 70 72 32

Indexing % after data cleaning 8.1 78.1 91.7 71.8 78.6 61.5 38.4 75.6 91.1 14.0

Fabric strength indices

J factor 1.37 4.20 3.90 5.27 4.64 2.19 3.54 3.35 4.25 2.61

M index 0.016 0.199 0.169 0.271 0.125 0.065 0.110 0.144 0.209 0.087

BA 0.76 0.70 0.74 0.78 0.62 0.45 0.66 0.49 0.63 0.45

K [100] 4.97 1.59 2.26 6.91 0.74 2.44 5.46 0.69 1.11 0.55

K [010] 0.60 0.52 0.49 0.52 1.39 1.01 1.44 1.38 2.07 0.12

K [001] 0.54 0.66 0.27 0.41 1.49 1.40 6.77 1.89 1.91 2.08

Recrystallized grain size and piezometry

EBSD Total Grains (#) – 2208 1391 1128 2476 2028 – 1445 966 –

EBSD Relict Grains (#) – 354 191 164 342 257 – 199 89 –

EBSD Rex Grains (#) – 1854 1200 964 2134 1771 – 1246 877 –

%c Rex/Total Grains – 84% 86% 85% 86% 87% – 86% 91% –

EBSD Arithmetic mean Rex (μm) – 278.8 432.3 316.5 301.8 280.8 – 318.7 482.5 –

EBSD Geometric mean (μm) – 234.7 339.1 272.4 231.5 228.3 – 234.6 358.5 –

EBSD Median Rex (μm) – 224.4 335.4 277.6 228.4 203.9 – 223.6 355.9 –

EBSD RMS diameter (μm) – 332.8 535.5 363.9 381.8 349.9 – 416.6 620.4 –

EBSD 2SD of mean (μm) – 8.4 18.3 11.6 10.1 9.9 – 15.2 26.4 –

TS Rex grains mean (μm)d – 166.03 142.90 140.07 162.41 114.99 130.94 – 133.15 127.07

TS Rex grains 2SD of mean (μm)d – 21.14 23.11 14.99 17.98 17.30 12.38 – 15.96 14.86

TS Rex grains median (μm)d – 138.96 109.18 124.07 151.36 96.77 126.55 – 114.14 124.07

VdW Stress (EBSD Median) (MPa)e – 23.6 17.4 20.1 23.3 25.3 – 23.6 16.7 –

VdW Stress (TS Median) (MPa)e – 17.5 12.3 16.4 15.8 16.9 36.3 14.8 11.0 36.8
aRecrystallized grain size was not calculated for TS samples 2 and 13. bRecrystallized grain size was not calculated using EBSD samples 2, 12, and 17.
cRex = recrystallized grains. dThin section grain diameters out of 100 measured grains. eVan der Wal et al. (1993) piezometer using median grain size.
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3.2.3. Recrystallized Grain Size and Differential Stress Analysis

Relict and recrystallized grains from samples and sample domains with well indexed olivine and minimal
interference from other minerals (Samples 3, 5, 6a, 9b, part of 10, 13, and 16) were identified using our EBSD data
and the method of Cross et al. (2017), with results reported in Table 1 and the resulting maps and histograms of the
relict and recrystallized grains in Figure S2 in Supporting Information S1. In the samples we did not use for
piezometry, the maps are dominated by large non‐indexed areas with dispersed tiny grains that may reflect grains
that experienced secondary alteration or pinning by adjacent grains. These tiny grains overestimate the stress.
Overall, 84%–91% of grains are recrystallized, with median recrystallized grain sizes ranging from 204 to 356 μm.
The maps (Figure S2a in Supporting Information S1) illustrate that relict grains generally appear larger and less
equant than recrystallized grains. The histograms (Figure S2 in Supporting Information S1) document that a
significant population of small relict grains overlap in size with recrystallized grains. This might be explained by
the early formation of recrystallized grains that later accumulated additional strain (Cross et al., 2017).
Recrystallized grain size is significantly skewed toward larger grains (Figure S2b in Supporting Information S1),
so median values (similar to the geometric mean—Table 1) represent the recrystallized grain population better
than the arithmetic mean or RMS diameter and are used for piezometry.

The differential stress estimates for the Buck Creek samples using median recrystallized grain size from the
EBSDmethod and the Van derWal et al. (1993) piezometer (Table 1) range from 17 to 25MPa with an average of
∼22 MPa. Average stress estimates using thin section data are ∼2 MPa higher (Table 1). There is no evident
pattern related to geography or sample characteristics that explains the variation in stress and grain size values
among the samples.

Figure 5. Contoured lower hemisphere equal area projections of olivine CPO for samples 3, 5, and 10. The data shown in these plots was reoriented from the original
plots in Figure S1 in Supporting Information S1 into a strain reference frame determined from the SPO ellipsoids for spinel (left side) and olivine (right side) determined
using three orthogonal thin sections as described in the text.
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Figure 6. Inverse pole plots showing misorientation axes for each sample. Inset shows typical clustering for common slip system types with subgrain formation by tilt
walls, after de Kloe et al. (2002) and Chatzaras et al. (2016). A‐type fabrics with [100](010) slip cluster near the [001] corner (yellow shading). B‐type fabrics with [001]
(010) slip cluster near [100] (red shading). C‐type fabrics with [100] (001) slip cluster near [100] (blue shading).
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4. Discussion
4.1. Evidence for Dominance of B‐Type Olivine Deformation

Most of our new crystallographic data show that olivine fabrics from the Buck
Creek complex are of the B‐type with well‐developed CPO maxima and
moderate fabric strengths (J‐indices from 1.37 to 5.27; M‐indices from 0.016
to 0.271) (Table 1). Misorientation axes for almost all samples cluster
strongly near [100] (Figure 6a), a pattern produced by the [001](010) slip
system (Figure 6b) characteristic of B‐type deformation fabrics (Chatzaras
et al., 2016; de Kloe et al., 2002). In contrast, sample 3 has its strongest
clustering near [010], interpreted to result from [001](100) slip typical of C‐
or E‐type fabrics (Chatzaras et al., 2016; de Kloe et al., 2002). Sample 9b has
a maximum between [100] and [010] that could be explained by the activity of
both B‐type [001](010) and C‐ or E‐type [001](100) slip systems or by
dominantly B‐type fabrics with both tilt and twist activity to build subgrain
boundaries (de Kloe et al., 2002).

For most samples, rotating our CPO data using the CVA method (Figure 4)
produces well‐defined maxima of [100] near the center (Y‐axis) of each
stereonet, uniquely indicative of B‐type fabrics. This result holds despite the

inability of this approach to provide the orientation of the X and Z axes. Our alternative approach to reorient the
CPO data into the estimated olivine and spinel 3D SPO reference frames for samples 3, 5, and 10 generated mixed
results (Figure 5). For sample 5, both olivine and spinel reorientations generate a pattern consistent with B‐type
patterns from both CVA analysis and misorientation axis data. However, reorientation of sample 3 in both olivine
and spinel SPO reference frames (Figures 5a and 5b) produces CPO patterns more typical of C‐type fabrics.
Although this is different from the B‐type patterns suggested by CVA analysis (Figure 4), it is consistent with the
misorientation data clustering near [010] for sample 3, a pattern common for C‐type fabrics (Figure 6b). Sample
10 data, reoriented in the olivine SPO reference frame, also produce a C‐type fabric, but the spinel SPO and CVA
plots and misorientation data are more consistent with the B‐type.

The girdle patterns defined by the [010] and [001] orientations in our data are distinct from point clusters typical
of experimentally determined B‐type patterns, instead showing fiber‐type CPO patterns similar to axial‐type
patterns. Our samples with point clusters for all crystallographic axes have BA close to 0.5. Most of the Buck
Creek samples have [010] and [001] girdles linked to K < 1 and sample BA values > 0.60 (Figure 7). BA indices
for three of the natural B‐type samples from Cao et al. (2017) (Figure 7) show a similar range to those for Buck
Creek and also display [010] and [001] girdle patterns. Other published natural B‐type samples (Bernard
et al., 2019; Chatzaras et al., 2016) have BA index values near or below 0.5 (Figure 7). Although our CPO data
and misorientation axis distributions are not consistent with D‐type deformation, the proposed explanations for
the girdling patterns associated with D‐type fabrics are instructive. These include competition between slip
systems (Hansen et al., 2014), higher strain conditions (Hansen et al., 2014), the activity of dislocation accom-
modated grain boundary sliding (DisGBS) that facilitates the operation of two slip systems (Warren et al., 2008),
and the influence of a pre‐existing texture (Boneh & Skemer, 2014). We do not have convincing evidence that
points to one of these factors influencing the development of the [010][001] girdle patterns. Perhaps evidence of
[001](100) slip (C‐type fabrics) could point to competition between the two slip systems. The presence of textures
associated with both dislocation glide and GBS could suggest the activity of more than one deformation
mechanism.

On the whole, our crystallographic data support the dominant activity of the [001](010) slip system and formation
of B‐type fabrics associated with deformation for most of the Buck Creek dunite samples, with some evidence
from misorientation analysis for sample 3 and SPO reorientation of samples 3 and 10 for [001](100) slip and the
formation of C‐type fabrics. Deformation conditions may have been near the B‐C type boundary, such that these
results reflect local variations in stress or temperature conditions or local preservation of earlier C‐type fabrics
formed at higher temperatures.

Figure 7. M‐index versus BA‐index data comparing Buck Creek samples
(solid circles) to published naturally occurring B‐type samples (open
symbols). Bernard et al. (2019) (open square); Cao et al. (2017) (open
triangles); Chatzaras et al. (2016) (open diamond).
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4.2. Differential Stress and Deformation Conditions for the Buck Creek
Complex

Differential stress estimates for the Buck Creek olivine samples using piez-
ometry (Van der Wal et al., 1993) indicate relatively low stress deformation
conditions of 17–25 MPa (Table 1). Textures indicative of some annealing
and growth of recrystallized grains suggest that these estimates represent
lower bounds on stress. Peak metamorphic conditions for the Buck Creek
body have been estimated at 825–850°C and 1.0–1.4 GPa (Emilio, 1998;
Tenthorey et al., 1996). When plotted onto the deformation mechanism map
calculated by Chatzaras et al. (2016) for conditions of 850°C and 1400 MPa
(Figure 8a), our grain‐size—stress data falls within the field of DisGBS
(Figure 8a). On a temperature—stress deformation mechanism map
(Figure 8b) adapted from Cao et al. (2015), calculated for dry conditions at
1.5 GPa, the Buck Creek olivine data plots within the field of dislocation
creep within the range of natural strain rates (10− 13–10− 15 s− 1). Textures
observed in thin sections, such as undulose extinction, subgrains and kink
band textures (Figures 3a–3c) are most consistent with dislocation creep.
Fewer microstructures are consistent with grain boundary sliding (GBS),
including 4‐grain junctions and diamond shaped grains (Figures 3e and 3f).

The stress—temperature conditions estimated for the Buck Creek dunites
(17–25 MPa and 825–850°C) are well within the range for B‐type fabrics
documented for natural samples by Bernard et al. (2019) and at the low
temperature range of C‐type fabrics (Figure 1b). Our samples also fall near
the low‐T and low‐stress boundary between B‐ and C‐type deformations
extrapolated by Katayama and Karato (2006) from experimental data
(Figure 1b). Peak metamorphic assemblages and textures in Buck Creek
samples indicate that the rocks were not water saturated and in fact were
relatively dry with evidence for a small amount of water available to form
local amphibole‐spinel symplectites (Lang et al., 2004; Tenthorey
et al., 1996). These lower water contents are also consistent with the range of
natural B‐type fabrics documented by Bernard et al. (2019). In summary, the
Buck Creek dunites appear to have been deformed by the activity of the [001]
(010) slip system (B‐type fabrics) at conditions of relatively low differential
stress, low temperature, and low water content.

4.3. Tectonic Setting and Deformation Conditions Associated With B‐
Type Fabric at Buck Creek

The olivine‐rich rocks preserved in the Buck Creek ultramafic complex have
been interpreted to represent part of an ocean ridge cumulate complex that
was partially subducted during the Taconic orogeny and emplaced into the
base of the Laurentian continental crust (Peterson et al., 2009). Mineral as-
semblages and textures preserved in meta‐troctolites within the Buck Creek

complex are particularly useful in constraining the conditions during deformation of ∼800°C, 1.0–1.4 GPa, with
negligible fluid content (Lang et al., 2004; Tenthorey et al., 1996). Thus, we primarily consider two settings of
formation for the B‐type fabrics in the Buck Creek dunites: (a) they formed in a cumulate setting or (b) they
developed contemporaneously with emplacement in the subduction wedge.

B‐type fabrics that develop in a cumulate setting form during compaction of a crystal mush associated with melt‐
assisted GBS (Cao et al., 2017; Yao et al., 2019). Such fabrics are typically associated with high temperatures, low
pressures, and low water contents due to the incompatibility of water in the fractionation system. B‐type fabrics
formed in this setting tend to have relatively weak SPO and CPO (m‐index 0.05–0.13) (Yao et al., 2019). The
Buck Creek dunites preserve weak olivine SPO and minor textural evidence of GBS, consistent with a cumulate
setting. However, a strong CPO suggested by the clustering of the [100] crystallographic axes and m‐indices

Figure 8. Comparison of Buck Creek conditions to deformation mechanisms.
(a) Olivine deformation mechanismmap for conditions of 850°C, 1400MPa,
adapted from Chatzaras et al. (2016) with Van der Wal et al. (1993)
piezometer (dashed line) and range of Buck Creek median Grain size‐Stress
data (yellow rectangle). (b) Plot of Temperature versus Stress conditions
adapted from Cao et al. (2015) for pressures of 1.5 GPa at dry conditions
with strain rate contours showing the range of Buck creek temperature and
stress conditions.
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reaching as high as 0.27 as well as textural evidence for the dominance of dislocation creep suggest the Buck
Creek B‐type fabrics did not develop in the cumulate setting or by melt‐enhanced GBS.

B‐type olivine fabrics are commonly linked to formation in the cold upper mantle wedge in the vicinity of the
subducting slab (Figure 9a). The activity of [001](010) slip systems associated with B‐type fabrics aligns the
seismically fast olivine a axis perpendicular to the stretching direction, helping explain the common trench‐
parallel S‐wave polarization in the shallow wedge (e.g., Kneller et al., 2007). B‐type fabrics in the shallow
mantle wedge are generally associated with relatively low temperatures and high stress under water saturated
conditions. Modeling by Kneller et al. (2005) indicates that the temperature and differential stress conditions
associated with B‐type fabrics (>700–800°C, 50–70 MPa) are favored in the shallow wedge. Within the wedge,
the depth of transition to C‐type fabrics increases with slower subduction rates and a deeper transition from partial
to full coupling of the subducting slab (Kneller et al., 2005). B‐ and C‐type fabrics from natural samples form at
similar stress ranges below ∼50 MPa (Bernard et al., 2019) and B‐type fabrics are favored over C‐type fabrics in
samples deformed at lower temperatures under water saturated conditions (>200 ppm H/Si) (Bernard et al., 2019;
Katayama & Karato, 2006). For natural samples in the upper mantle, olivine slip systems appear to be less
sensitive to water and stress conditions than indicated by experimental work (Bernard et al., 2019), such that water
saturation is less critical to the formation of B‐type fabrics. The inferred tectonic emplacement of the Buck Creek
complex as a fragment of subducting ocean crust into the lower Laurentian continental crust places the complex at
conditions of deformation consistent with shallow mantle wedge formation of B‐type fabrics (Figure 9a). The
temperature and stress conditions estimated for Buck Creek are similar to other natural samples with B‐type
fabrics in this mantle wedge setting (Bernard et al., 2019), with the distinction of forming under nearly anhy-
drous conditions. We envision a model similar to the emplacement of mantle slices into the overlying crust in a

Figure 9. Schematic tectonic setting adapted from Cao et al. (2017) for mature cool subduction zones showing mantle wedge
region of B‐type and transition to C‐type (dotted) and emplacement into upper plate. Sketches not to scale and thickness of
oceanic crust are exaggerated. (a) Subduction setting showing regions of formation A, B, C type fabrics and possible setting
of deformation of Buck Creek (BC—black star). (b) Illustration of possible emplacement process related to tectonic
underplating of slices of oceanic crust including BC into overriding plate.
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subduction setting as shown in Cao et al. (2015), though the Buck Creek dunites are interpreted to be slices of
cumulate rock from the subducting ocean crust (Figure 9b). Notably, this means that the dunites experienced
deformation conditions similar to those in the mantle wedge during subduction and emplacement, despite
originating in the down‐going oceanic crust. The hint of activity of C‐type fabrics in samples 3 and 10 could
indicate that the Buck Creek dunites deformed somewhere near the transition at depth in the mantle wedge from
B‐ to C‐type fabrics. The stress—temperature conditions for the Buck Creek samples fall near the B‐C type
transition (Figure 1b), suggesting the possibility the rocks reached depths and temperatures favorable to devel-
opment of C‐type fabrics.

Thus, we suggest that the main olivine fabrics in the Buck Creek samples formed during subduction; however,
weak B‐type fabrics may have formed early during cumulate formation within the ocean crust. The [010] and
[001] girdle patterns in our data may reflect GBS activity or overprinting of pre‐existing fabrics. As these ocean
crust dunites were subducted beneath Laurentia, conditions favorable to the formation of B‐type fabrics in the
shallow mantle wedge were similar to those in the adjacent subducting slab (Figure 9a). Stress‐temperature
conditions for the Buck Creek samples lie near the transition from B‐ to C‐type fabrics and hints of C‐type
patterns are consistent with the Buck Creek rocks reaching depth and temperature conditions near the B‐C
transition prior to emplacement into the overlying Laurentian continental crust (Figure 9b).

5. Conclusions
The olivine‐rich rocks preserved in the Buck Creek ultramafic complex have been interpreted to originate as part
of an ocean ridge cumulate complex that was partially subducted during the Taconic orogeny and emplaced into
the base of the Laurentian continental crust (Peterson et al., 2009). The rocks preserve evidence of relatively dry
conditions at peak metamorphic conditions of ∼800°C, 1.0–1.4 GPa, with localized hydration that possibly
assisted emplacement. We present evidence that olivine is primarily deformed by [001](010) slip, generating B‐
type olivine fabrics at low differential stress of∼17–25MPa.We document that the conditions for formation of B‐
type fabrics at Buck Creek form at lower differential stress conditions and lower water content than typically
reported, broadening the range of conditions of formation of B‐type fabrics. Additionally, there is evidence of C‐
type fabrics caused by a fabric transition with depth. The Buck Creek olivine preserves evidence of deformation
by dislocation creep, accommodated by grain boundary sliding as indicated by textures and the position of the
samples on deformation mechanism maps.

We suggest that the Buck Creek dunites formed as ocean crust cumulates and were subducted beneath the
Laurentian continental crust to depths of ∼30–40 km (Peterson et al., 2009) where the olivine experienced
deformation conditions similar to conditions in the shallow mantle wedge to form B‐type fabrics. Localized
hydration at peak conditions may have facilitated the emplacement of the Buck Creek complex as a slice of
subducting ocean crust (Peterson et al., 2009).

Data Availability Statement
The results of this work are included in the text's main figures, Table 1, and in Figures S1–S3 in Supporting
Information S1 of the article. All Electron Backscatter Diffraction (EBSD) data used in this study are available
online through the EarthChem Data Repository at Peterson et al. (2025). MATLAB code used to evaluate EBSD
data was adapted from the MTEX Toolbox (Mainprice et al., 2014). MATLAB code adapted from Cross
et al. (2017) for use with olivine data is available at Mennenga (2024).
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