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Abstract The mantle near Earth's subduction zones endures intense deformation that generates anisotropic
rock textures. These textures can be observed seismically and modeled geodynamically, but the complexity of
this deformation makes analyses of these textures difficult. In this study, we apply time-series clustering
analysis to tracers within subduction models, allowing for the identification of regions in the subduction zone
with common deformation histories and olivine crystallographic-preferred orientation development. We
compare olivine texture evolution predicted using different methods in both retreating and stationary-trench
settings. Our results reveal distinct variations in olivine texture, indicating that both seismic and viscous
anisotropy can exhibit substantial heterogeneity within the mantle wedge, sub-slab, and subducting plate
regions. For retreating trenches, olivine textures are strongest in the mid-depth mantle wedge region about
200 km away from the trench between 100 and 300 km depth. Our study shows that trench-normal olivine a-axis
orientations dominate in the center of subduction zones. Toroidal flow around slab edges generates a mix of
trench-normal, trench-parallel, and oblique fast seismic directions. Textures and anisotropy are stronger for the
retreating trench model than for the stationary trench model since more deformation has been accumulated due
to trench motion. These findings provide insights for interpreting seismic anisotropy in subduction zones and
highlight the importance of considering texture heterogeneity, as characterized by clustering algorithms, when
analyzing both geodynamic models and seismic observations of subduction zones.

Plain Language Summary In subduction zones where one tectonic plate sinks beneath another,
rocks in the mantle deform with the flow generated by the down-going slab. They develop textures that affect
how seismic waves travel through them. These patterns can be detected using seismic data, but interpreting them
is challenging due to the complexity of the deformation. In this study, we simulate subduction with two different
styles: one where the trench (the boundary between the down-going plate and the upper plate on Earth's surface)
moves backward (retreats), and one where it stays put. By tracking how rocks deform over time and applying a
machine-learning method called time-series clustering, we were able to group regions of the model that share
similar evolutions in deformation histories and rock textures. These patterns, in turn, influence both seismic
wave speeds and how the mantle flows. We found that the type of subduction matters: retreating trenches cause
stronger and more varied rock textures than stationary ones, especially in the upper mantle between 100 and
300 km depth. Most textures align with the direction the slab is sinking (trench-normal), but around the edges of
the slab, swirling (toroidal) flow causes more complex patterns.

1. Introduction

The subduction process, where the cold and dense oceanic lithosphere sinks into the mantle, is the primary driver
of plate tectonics and mantle flow. Subduction zones are also critical geological settings at the Earth's surface,
associated with natural hazards such as earthquakes and volcanic eruptions. Understanding the interaction be-
tween the sinking slab and the surrounding mantle is crucial for comprehending the dynamics of subduction (e.g.,
Crameri et al., 2019; Faccenna et al., 2014; Kirély et al., 2017; Schellart & Moresi, 2013; Schellart et al., 2007).
As a slab sinks into the mantle, patterns of flow that are produced include poloidal flow, which is vertical flow
induced by the sinking motion of the slab (also referred to as corner flow in the mantle wedge and entrained flow
beneath the slab), and toroidal flow, which is horizontal flow around the lateral edges of the slab. Such flows have
been observed in laboratory studies (e.g., Duarte et al., 2013; Funiciello et al., 2003, 2006; Guillaume et al., 2021;
Strak & Schellart, 2014) and numerical models (e.g., Faccenda & Capitanio, 2012; Jadamec & Billen, 2010;
Kirély et al., 2017; Piromallo et al., 2006). The indirect observation of rock textures associated with mantle flow,
in the form of seismic anisotropy, has long been recognized as a way to understand the dynamics of subduction
(e.g., Becker et al., 2006; Long, 2013; Long & Wirth, 2013; Lynner & Beck, 2020; Lynner & Long, 2014;
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Walpole et al., 2017). To adequately interpret flow patterns in the vicinity of subduction, however, it is necessary
to link an observable indicator of the flow, such as seismic anisotropy, to the flow fields associated with sub-
duction. Making this link requires a variety of constraints and modeling tools related to rock texture development
within the flow fields of subduction systems. A deeper understanding of these rock textures and the mantle flow
fields associated with them can provide more insight into the mantle dynamics of subduction zones.

Seismic anisotropy observations have provided a powerful constraint on mantle dynamics in subduction zones
due to the direct association between deformation processes and seismic anisotropy (Long & Becker, 2010;
Skemer & Hansen, 2016). Upper mantle rocks respond to deformation by developing a crystallographic-preferred
orientation (CPO). The CPO of the most abundant mineral in the upper mantle, olivine, exhibits directional-
dependent seismic wave speeds, which can be observed as seismic anisotropy (Karato et al., 2008). From the
relationship between the applied deformation and seismic anisotropy, we can infer patterns of mantle flow
(Ribe, 1989). For example, toroidal and poloidal flows have been inferred from seismic observations made near
different subducting plates (Civello & Margheriti, 2004; Peng et al., 2021; Zhu et al., 2020). More generally,
seismic anisotropy (e.g., SKS splitting) observations collected near subduction zones tend to show trench-parallel
flow directions for the mantle beneath the slab (the sub-slab region) and a mix of trench-parallel and trench-
normal flow directions for the mantle above the slab (the mantle wedge region) (Baccheschi et al., 2024;
Long, 2013; MacDougall et al., 2012; Rappisi et al., 2022).

Apart from seismic anisotropy, olivine CPO also generates mechanical anisotropy in its viscous properties.
Olivine deformation experiments by Hansen et al. (2012), Hansen, Warren, et al. (2016) and Hansen, Conrad,
et al. (2016) demonstrated that olivine textures developed in extension led to strengthening for subsequent de-
formations applied in torsion across the original texture. The same is true in reverse, with texture developed in
torsion leading to strengthening for subsequent extension across the developed texture. Hansen, Warren,
et al. (2016) and Hansen, Conrad, et al. (2016) provided parameters that characterize this viscous anisotropy of
olivine for use in geodynamic models (e.g., Kiraly et al., 2020).

Recently, Wang et al. (2024) investigated the potential influence of anisotropic viscosity (AV) for textures in
different regions of a subduction zone, focusing on two individual tracers in the mantle wedge and sub-slab
regions. They computed olivine textures as a post-processing step using D-Rex (Fraters & Billen, 2021;
Kaminski et al., 2004), the modified director method (MDM from Hansen, Warren, et al., 2016; Hansen, Conrad,
et al., 2016), and MDM with the implementation of AV (MDM + AV from Wang et al. (2024)). Besides the
difference that D-Rex produces more point-like textures while MDM generates more girdle-like textures, their
results also revealed significant differences between CPO formed with and without AV for the two tracers on
opposite sides of the slab. They also found that AV impacts tracers in the mantle wedge and sub-slab regions
differently. These differences may complicate the use of seismic anisotropy to infer mantle flow patterns,
highlighting the need for a more comprehensive investigation of the whole subduction zone, including the role
of AV.

Previous studies that tracked rock texture development around subduction zones (e.g., Di Leo et al., 2014;
Faccenda, 2014; Fraters & Billen, 2021) have identified significant spatial and temporal variability among the
textures predicted on both sides of the slab. Such variations in olivine textures result from the distinct subduction-
induced flow patterns (Magni et al., 2024) related to the time-dependent and 3D nature of subduction (Faccenda &
Capitanio, 2012, 2013). Thus, the complexities of rock textures around subduction zones may be indicative of the
time-integrated deformation history of subduction and subduction styles (e.g., retreating or stationary). Seismic
anisotropy has been utilized to infer textures formed in the mantle (VanderBeek & Faccenda, 2021); however, due
to the inherent complexity of subduction dynamics, rock texture formation, and their interlinked connection, such
interpretation is not straightforward. Furthermore, under different stress and water content, the seismic fast di-
rection might align differently relative to the flow direction depending on the type of olivine fabric formed
(Jung & Karato, 2001), further complicating the interpretation of seismic anisotropy observations. A method to
comprehensively analyze texture evolution within subduction models is needed, especially one that characterizes
the complexity of the textures that form within the flow generated by the slab. Since CPO-induced AV is also
dependent on the time evolution of deformation, such an analysis would benefit the understanding of AV in
subduction systems as well.

In this study, we analyze the evolution through time of two 3D subduction models during their free-fall and
interaction with the transition zone: one with a retreating trench and the other with a relatively stationary trench
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Figure 1. Initial setup of the subduction model showing viscosity as background (colors) and the tracers on the cross-section along the x-direction in the middle of the
model (a) and around the edge of the slab (b). On the right side, we show two viscosity profiles from the subduction model with a retreating trench (panel c¢) and a
stationary trench (panel d). The viscosity profiles are taken within the subducting plate (SP) and the overriding plate (OP) and away from the subducting slab ranging
from 0 to 200 km depth (see the solid and dashed line on panel (a), respectively).

(Funiciello et al., 2006) (Figure 1). We computed the principal stresses, accumulated strain, olivine CPO, and
CPO-induced AV for tracers placed within the model in the mantle regions in and around the slab. To characterize
the complexity of the resulting rock textures, we group them according to the deformation history and CPO
evolution using time-dependent clustering analysis (Kanungo et al., 2002; Warren Liao, 2005). Time-series
clustering analysis is an unsupervised learning method used to group large data sets based on the similarity
between time-series data. We identify tracers within a subduction system that share a similar evolution history and
a similar path toward the formation of anisotropic rock fabrics. Classifying the textures for the different regions of
the subduction zone helps us to understand patterns of anisotropic fabrics around the slab and offers insight into
the interpretation of observations of seismic anisotropy.

2. Methods
2.1. Model Setups

We run two subduction models with the same free-slip boundary conditions and rheology parameters but different
initial geometries and temperatures to facilitate a retreating trench and a relatively stationary trench. Our models
were built using the geodynamic modeling framework ASPECT (Bangerth et al., 2022; Fraters & Billen, 2021;
Heister et al., 2017; Kronbichler et al., 2012), following the rheology and boundary conditions from Behr
et al. (2022) and Turino and Holt (2024). The model space spans 2,500, 2,000, and 800 km in x-, y-, and z-di-
rections (length, lateral width, and depth, respectively) (Figures la and 1b). The subducting plate is located
500 km away from both lateral sides of the box and spans 1,000 km in the center. Since the trench lies along the
direction of the y-axis, we describe the orientations of olivine textures parallel to the y-axis as trench-parallel (TP)
and perpendicular to the y-axis as trench-normal (TN). The models consist of a 10-km-thick weak crust that
decouples the subducting plate from the overriding plate, a strong slab core (10 km or 15 km), lithosphere (80 km
or 100 km), an overriding plate (30 km or 40 km), a weak box at the end of the subducting plate functioning as a
ridge-like thermal structure, and background mantle material (Figure 1c). We use a stronger and thicker over-
riding plate and a steeper-dipping subducting plate that extends deeper into the mantle to make a stationary-trench
model (e.g., trenches in the Sunda subduction system with a relatively slow trench velocity) in contrast to the
Chilean-type retreating-trench model (Gea et al., 2024; Royden & Husson, 2006) (Figure 1d). There are no
imposed velocity boundary conditions, and the model is completely dynamic. We let the system evolve self-
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consistently until 40 Myr. By the end of the retreating-trench model, about 240 km of the slab has been subducted
coupled with 400 km trench retreat; for the stationary-trench model, about 300 km of the slab has been subducted.

We place tracers in two different locations: both away from and close to the slab edge. One thousand two hundred
fifteen tracers are placed on the cross-section cutting vertically across the plate at y = 1,000 km from x = 200—
2,300 km and from a depth of 50 to 400 km with a resolution of 25 km to cover areas such as the mantle wedge
above the slab and the sub-slab region (Figure 1a). In addition, 952 tracers were placed in a box next to the lateral
edge of the slab from x = 1,000 to 1,800 km, y = 50 to 700 km, and z = 100 to 250 km with a resolution of 50 to
track both the horizontal toroidal flow and the associated upwelling around the slab edge (Figure 1b). These
tracers are advected with the flow field and thus effectively record evolution along flow lines. In ASPECT, we
store properties on the tracers that describe the deformation history such as strain rate, stress, and velocity gra-
dients for computations of olivine CPO and CPO-induced AV as a post-processing step (Wang et al., 2024).

2.2. Texture Prediction

We start the model with initial random orientations on the tracers. The texture evolution does not modify the
deformations in the model, which is driven by gravitational force due to the temperature-dependent density. As a
post-processing step, olivine textures are predicted using D-Rex (Kaminski et al., 2004), MDM (Hansen, Conrad,
et al., 2016; Hansen, Warren, et al., 2016), or MDM + AV (Wang et al., 2024), the last of which includes the
influence of anisotropic viscosity on texture development. D-Rex is a kinematic model that computes textures
based on the initial textures and deformation history, taking into account dynamic recrystallization. MDM is a
director-based model with improved computational efficiency. Finally, MDM + AV computes the viscosity
tensor in the CPO-reference frame, which is rotated into the model reference frame to calculate the resulting
deformations. For MDM and MDM + AV, we incorporate a pseudo-phase transition in predicting the olivine
fabric. The texture is reset to random whenever a tracer crosses 410 km depth and the anisotropic viscosity tensor
is fixed as the identity tensor while the tracer stays below 410 km.

The olivine texture can be characterized by its strength (M-index from Skemer et al. (2005)), shape scores (a-axis
pointiness and girdle-ness scores from Vollmer (1990), referred to as P and G scores later), and the mean
orientation of the olivine a-axis. The effective anisotropic viscosity (efrecive_av = 0/ €av) is computed using
the second invariant of the stress tensor (¢) from ASPECT and the second invariant of the strain rate tensor (£5y)
predicted under AV as in Wang et al. (2024), who describe the AV tensor using Hill's coefficients (Hill, 1948;
Signorelli et al., 2021). The change in viscosity under deformation with and without viscous anisotropy is
assessed with the AV-to-IV ratio (especive,, / Meftectivery)» WHETE efrective, = 0/ €1v»> and &y is the second invariant
of the predicted strain rate tensor assuming a uniform texture that represents isotropic viscosity. We also
computed the principal stresses on the tracers from the deviatoric stress tensor derived from the subduction model
in ASPECT as an aid to understanding the relationship between the evolution of AV and olivine texture. All of
these quantities are recorded as a function of time as the tracers move through the subduction zone, to be used later
by the clustering algorithm.

2.3. Clustering Analysis

Time-series clustering is a method for partitioning a time-series data set into a certain number of clusters based on
criteria for assessing the distance or similarity between the data points. This method is specifically suitable for this
study since olivine CPO and CPO-induced AV are dependent on deformation histories and the amount of in-
formation to analyze is large. We apply time-series clustering to find regions within a subduction system that
share a similar evolution pattern for olivine CPO, CPO-induced AV, and mantle flow. By tracking the tracers over
time, we gather time-series data including tracer paths, texture parameters, and AV. Specifically, we use the time-
series k-means method (Kanungo et al., 2002), an unsupervised partition-based clustering algorithm in which
observations are categorized into clusters with the nearest mean. The basic idea behind k-means clustering is to
partition a data set into k clusters by iteratively assigning data points to the cluster whose centroid is closest.
TimeSeriesKMeans extends this concept to time-series data, considering both the spatial proximity of data points
and their temporal evolution (Warren Liao, 2005). The data matrix that goes into the clustering algorithm is a
three-dimensional n*p*q (number of tracers * attributes * time steps) matrix T = {t,,t,,...,1,}, where t; rep-
resents one observation as a p * g matrix containing time-series data of all p attributes through all g time steps for
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one tracer. We aim to partition the n observations into a total of k clusters (k < n), thatis, C = {C,,C,,...,C;}, by
minimizing the inertia score, given as:

Inertia = Zjl;l DTW(; — C;), where ¢; belongs to the cluster C;, and DTW(; — C;), denotes the dynamic time
warping distance between #; and the center of cluster C;, which is a measure of similarity between time-series data
and takes into consideration time shifts, stretches, and compressions.

In order to study the relationship between CPO and CPO-induced AV, we used the MDM + AV textures to build
our data matrix, as they incorporate the effect of AV. We conducted two separate cluster analyses for the tracers
placed away from and close to the slab edge to look at poloidal- and toroidal-dominated flows, respectively, for
each subduction model. In one model for the tracers away from the slab edge, for example, we obtain one data
matrix of tracer locations as a function of time with a dimension of 1,215 tracers * 40 timesteps * 3 coordinates
along the x-, y- and z-axes, as one data set for clustering. From the post-processing calculation of texture, we
obtain another data matrix of tracer scores that describe olivine texture (P and G scores, M-index, J-index and
mean a-axis orientation as sins and cosines of both the horizontal and vertical orientations), CPO-induced viscous
anisotropy (AV/IV), and deformation state (principal stresses, and accumulated strain), its dimensions being
1,215 tracers * 40 timesteps * 13 attributes. We combine the two data sets (three coordinate attributes and 13
texture-related attributes) into a 1,215%40%16 matrix and perform principal component analyses to find the
relative importance of these attributes for explaining the evolution pattern. With the most important attributes (a
threshold of 0.33), we apply time-series clustering analysis to identify potential patterns of evolutions in tracer
paths, CPO, and AV in different regions of subduction systems. The attributes are also normalized to have the
same mean and standard deviation so that all attributes have the same weight in calculating the relative importance
and the inertia score. In the Python-based TimeSeriesKMeans package, K-means utilizes an iterative procedure
with the following steps to derive the final category for each time-series candidate:

1. Initialize k cluster centroids C;, C», ... Cy, arbitrarily.

2. Assign each observation t; to cluster C; so that the total distance between ¢; and its cluster center C; is minimal.

3. Update each cluster center C; with the assignments of observation #; into C; in step 2.

4. Repeat steps 2 and 3 until convergence (inertia between two consecutive iterations changes no more than a
threshold).

We experimented with different k£ values and the total number of clusters, and employed the inertia score
(Hartigan & Wong, 1979), silhouette score (Rousseeuw, 1987), and Davies-Boudin Index (Davies & Boul-
din, 1979) to assess the quality of clustering results (Figure S1 in Supporting Information S1). Silhouette Score
quantifies how similar an object is to its cluster compared to other clusters. The formula is given by

1&G b-a

Silhouette Score = — ) ————,
n ; max(a,b)

where a is the distance of one observation from all other observations in the same cluster, and b is the distance of

this observation from all observations in the next-closest cluster. A higher silhouette score suggests that the

clusters are well-defined and distinct from each other. Davies-Bouldin Index measures the within-cluster

compactness and the separation between clusters. It is defined as

1 & S; +S;
Davies — Bouldin Index = — i [——2),
avies ouldin Inaex Kl;max#_, (d(cl',Cj)>

where §; and §; are the average distance between each pair of observations from cluster i and cluster j, and d(c;, ¢;)
is the distance between cluster centroids c¢; and c;. Finding an optimal clustering result involves finding a value of
k that simultaneously minimizes inertia, maximizes silhouette scores, and minimizes Davies-Bouldin index
values. We also take into consideration realistic factors, for example, that there should be at least three clusters
representing material above, within, and below the slab. The upper bound is limited to ensure that the resulting
clusters remain meaningful and interpretable. We pick k = 14 for tracers in the center of the subduction zone.
Following similar criteria, we pick k = 10 and 11 for tracers near the slab edge for the subduction model with a
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Figure 2. Tracers on the cross-section along the x-direction in the middle of the subduction model with a retreating trench (a and b) and a stationary trench (c and d),
colored by cluster assignment. The names of the clusters are labeled on top of the tracers.

retreating trench and a stationary trench, respectively (see Figure S1 in Supporting Information S1 for details on
selecting k).

3. Results

Cluster assignments are visualized in Figures 2 and 5, and variations in the temporal evolution of attributes across
clusters are evident in the cluster means (Figures 3—6). We first present the clustering results for tracers in the
center of the subduction model (Section 3.1; Figures 2—4) and then present the results for tracers at the slab edge
(Section 3.2; Figures 5 and 6). Feature importance analysis reveals that the evolution of x, y, and z coordinates and
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the P and G scores are the attributes that contribute most significantly. Apart from these, with a threshold of 0.33,
at least one attribute that describes the texture strength, orientation, and/or principal stresses is included (Figure
S2 in Supporting Information S1). We show that the mean evolution of accumulated strain, P-score, G-score, and
AV/IV ratio, which are mostly related to the development of AV, allows us to analyze the relationship of AV to
deformation histories and olivine textures (Wang et al., 2024). As shown in Figure 2, tracers are clustered into
small groups within larger areas for both subduction models with a retreating or stationary trench. We name these
clusters with a letter related to their geographical positions with respect to the slab: mantle wedge (cluster group
W), sub-slab (cluster group S), and subducting plate (cluster group P). Our categorization of tracers using time-
series clustering analysis reveals the different types of textures that form in the mantle regions that surround a
subduction zone. In particular, tracers that have been through the phase transition at 410 km depth are clustered
together. While viscous anisotropy has been erased for these clusters, we can still infer the relationship between
CPO and CPO-induced anisotropy for other clusters that are not significantly affected by phase transition.

3.1. Tracers Affected by the Poloidal Flow

In Figure 2, we show the optimal cluster assignment with £ = 14 for tracers in the center of the subduction models
at its initial and end stages. Most tracers within each cluster are not spread throughout the model but are located
close to each other and limited to specific regions. However, clustering for the shallow region below the sub-
ducting plate and for the mantle wedge region far from the trench is poorly defined, as shown by the clusters
mixed together (e.g., W5 with W6, S2 with S3 in the retreating-trench model). Therefore, we focus on the clusters
close to the slab, which provide more useful information.

3.1.1. Subduction With a Retreating Trench

In the subduction model with a retreating trench, approximately 240 km of the slab has been subducted, excluding
the initial slab length, reaching about 500 km depth and curling upwards, while the trench retreated about 200 km
(Figure 2b).

There are six clusters above the slab in group W. Clusters W1-W4 are located from small to larger distances to the
slab, respectively (Figure 2a). They accommodated larger deformations and therefore exhibit better within-cluster
compactness and representative mean values with a smaller spread than W5 and W6 located farther away from the
slab. Tracers in W1 to W4 shift from random to trench-normal (TN) orientations, with alignment taking place
earlier in shallower clusters (W1 and W2 after 60 km, W3 after 100 km, and W4 after 200 km of slab subduction
as shown in Figure 3b). This alignment occurs when the P-scores approach their peaks, after the initial devel-
opment of a girdled texture stops (W1) or starts to disappear (W2, W3, and W4) (Figures 3a and 3b). Subse-
quently, the shallower clusters (W2) develop weaker textures (decreasing P-score) in different trench-oblique
orientations after they are aligned to TN orientations, while W3 and W4 have just reached TN alignment at the end
of the model (Figures 3a and 3b). Across all mantle wedge clusters, AV induces mantle weakening when textures
align with the trench-normal direction, and the maximum weakening occurs when the P-score reaches its peak and
the G-score is not growing (Figure 3a). The most weakening (AV being about 40% of IV) occurs in cluster W4,
which is about 200 km away from the slab and moves from about 300 km depth to above 300 km.

Tracers in clusters P1 and P2, located in the slab and beneath the slab tip, respectively, develop similar textures to
group W clusters. They mostly include the tracers that have been in the MTZ as the slab subducts. As a result, their
textures are erased as soon as the tracers enter the mantle transition zone (MTZ), and the anisotropic viscosity is
also reset to isotropy. This resetting is not fully reflected in the mean P and G scores because as tracers gradually
move into the MTZ and the drop in their P and G scores, other tracers in the same cluster are increasing their P and
G scores, resulting in a net slow change of P and G. However, the mean AV/IV ratio evolutions of both clusters
show anisotropic weakening in the early stage corresponding to the development of textures above 410 km, and
then a return to isotropic after the majority of the cluster resides in the MTZ.

Figure 3. Summary of attributes for the different clusters away from the slab edge in the subduction model with a retreating trench (Figures 2a and 2b). On the left side,
for group W clusters, we show the evolution of the mean values for different texture attributes against the amount of slab subducted including the accumulated strain,
pointiness (P-score), girdle-ness (G-score), and AV/IV ratio (panel a), and the olivine a-axis orientations denoted by R (random orientations), TP (trench-parallel) and
TN (trench-normal) (panel b). We also plot the P-score and G-scores at the end of the model (Figure 2b) predicted by MDM + AV, MDM, and D-Rex in (c). The same
attributes are shown on the right for groups S and P clusters in panels (d)—(f). The colors correspond to the cluster assignment as shown in Figures 2a and 2b.
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Figure 4. The same as Figure 3 for the subduction model with a stationary trench. The colors correspond to the cluster
assignment as shown in Figures 2c and 2d.
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Figure 5. Clustering results at the slab edge for the subduction model with a retreating trench at (a) the initial stage and (b) the end of the model. The evolution of the
mean values for attributes as a function of the amount of slab subducted is shown in panel (c), which includes the accumulated strain, P-score, G-score, and AV/IV ratio
(as for Figure 3a). The same for the subduction model with a stationary trench is shown in panels (d)—(f). Colors in (c) and (f) correspond to those of the labeled clusters

in (a) and (d), respectively.
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Figure 6. Summary of attributes for the different clusters close to the slab edge. For tracers in the subduction model with a retreating trench, trends in the evolution of the
mean olivine a-axis orientations are shown as a function of the amount of slab subducted (a), while the P-score and G-score at the end of the model are shown (c), as
predicted by MDM + AV, MDM, and D-Rex (symbols). The same analysis is shown on the right for the subduction model with a stationary trench in panels (b) and (d).
The colors correspond to the cluster assignment as shown in Figure 5.

Clusters S1-S4, situated closely beneath the slab, follow texture evolutions similar to group W clusters, devel-
oping a weak TN orientation. Clusters S5 and S6, located farthest behind the slab, undergo the least movement
and share a similar evolution history in their accumulated strain, P-score, and G-score. They both exhibit girdled
textures while S6 captures the slightly stronger trench-parallel (TP) orientations surrounded by weak trench-
normal orientations from S5. Here, only the most deformed clusters (S3 and S4) experience a weakening of
AV to about 75% of IV (Figure 3d).

The differences between textures predicted by MDM + AV, MDM, and D-Rex at the end of the model also vary
among the clusters (Figures 3c and 3f). In general, D-Rex tends to predict more point-like textures, while the
MDM textures are more girdle-like. As the deformation accumulates, the difference between the P-scores of D-
Rex and MDM + AV grows larger. However, tracers that experience weakening in AV relative to IV exhibit
MDM + AV textures that become more point-like, and catch up to the D-Rex P-score (W4, S3, and S4 in
Figures 3c and 3f, see the data folder on Zenodo (Wang, 2025) for comparisons at other time steps).

3.1.2. Subduction With a Stationary Trench

In the stationary-trench model, about 300 km of the plate, excluding the initial slab length, has been subducted
while the location of the trench remains fixed (Figures 2¢ and 2d). Consequently, fewer tracers are transported to
the mantle wedge, resulting in less deformation on all tracers compared with the retreating-trench model.

Above the slab, tracers are categorized into five clusters. W1, located closest to the slab, experiences the largest
deformations (accumulated strain > 1.5), which leads to the strongest texture (P-score > 0.4) (Figure 4a).
Consequently, W1 is the most weakened cluster with AV weakened to around 60% of IV. As in the retreating-
trench model, shallower clusters align to trench-normal orientations earlier than deeper clusters (W2 to W5
from shallow to deep in Figure 4b). Behind the slab, S2, S3, and S4 are located closer to the slab (Figure 2) and can
be differentiated from the less-deformed clusters. Their textures shift from random to trench-normal directions,
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starting with the shallowest cluster S2 (Figure 4¢). The other clusters do not have a well-developed texture. Still, a
small region with weak TP orientations (S5) is differentiated from its surroundings.

Texture predictions differ slightly among D-Rex, MDM, and MDM + AV, and the variations are smaller than in
the retreating trench model (Figures 4c and 4f). Less deformed clusters (S1, S5, S6, and S7) exhibit minimal
differences among methods, while the most deformed clusters (W1 and S2) exhibit larger differences. Clusters
W1 and S2 also show a significant impact of AV (low log AV/IV ratio from Figure 4c), and their MDM + AV P-
scores at the end of the model are also larger than the D-Rex P-score (Figure 4f), as we found for the retreating-
trench model.

3.2. Tracers Affected by the Toroidal Flow

Tracers affected by the toroidal flow near the lateral edge of the slab track mantle flow both on horizontal and
vertical planes and thus, their paths are more complicated. For the retreating-trench model, tracers behind the slab
initially have been transported to regions in front of the slab, whereas in the stationary-trench model, less hor-
izontal motion is observed due to the less intensive mantle flow (Figure 5). As for tracers on the center cross-
section in the subduction models, clustering analysis for tracers on the lateral edge of the slab successfully
categorizes the tracers into smaller groups that share a similar texture evolution, and we show the clustering
results with £ = 10 and k = 11 for the subduction model with a retreating trench and a stationary trench,
respectively (Figure 5). To differentiate them with tracers in the center of the subduction zones, we designate
these as the E-group (edge) clusters (Figure 5).

In the retreating-trench model, most of the tracers experience a shift from initial random orientations to trench-
oblique orientations in different directions during the model, following their path along the horizontal toroidal
flow. Clusters initially located on the side of the slab (E8, E10, E2) demonstrate an alignment with the trench-
normal orientations (Figure 6a). Cluster E2 rotates further from TN to oblique and then to almost TP orienta-
tions as the tracers move toward the front of the slab. Clusters located in front of the slab (e.g., E9) do not have an
intermediate stage of trench-normal orientation during the texture evolution and are mostly oblique and trench-
parallel. AV is not significantly weakened in any of these clusters.

Trench stationarity leads to less vigorous toroidal flow, resulting in a large difference in the behavior of tracers on
the side of the slab compared to the model with a retreating trench. The clusters still represent a part of the 3D flow
pattern around the edge of the slab, but the olivine a-axis orientations are mostly trench-oblique in different
directions and they have not developed strong TN or TP orientations as we found for similar clusters in the
retreating-trench model (Figure 6b).

In general, toroidal flow produces smaller differences between textures predicted by D-Rex, MDM, and
MDM + AV than for tracers dominantly deformed by poloidal flow (Figure 6). Similarly, clusters that are most
affected by AV (clusters E6 and E8 from Figure 6a and E5 and E10 from Figure 6b) have MDM + AV P-scores
that are larger than or similar to D-Rex P-scores (Figure 6).

4. Discussion

Our results demonstrate the benefits of using time-series clustering to identify groups of tracers with common
evolution histories in subduction models. We used tracer locations and attributes related to olivine texture and
texture-induced AV for clustering. The clustering results reveal that the large regions we call the mantle wedge,
sub-slab, or subducting plate can be subdivided into smaller regions where different and unique olivine fabrics
develop, resulting in heterogeneity in the seismic and viscous anisotropy. Such heterogeneity should not be
neglected when we compare different texture prediction methods, examine olivine texture development in
subduction zones, and interpret seismic anisotropy observations.

4.1. Olivine Texture Predictions and Cluster Analysis

Vigorous mantle flow in subduction zones induces time-dependent and spatially varied deformation in the
asthenosphere. Laboratory experiments have demonstrated that a complex deformation history can play a sig-
nificant role in olivine CPO formation and thus may complicate possible interpretations of seismic anisotropy,
especially in subduction zones (Boneh & Skemer, 2014). The incorporation of such texture development models
into time-dependent geodynamic models of subduction provides an opportunity to understand how the
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deformation history of tracers affects the fabrics that form in the vicinity of the slab (Faccenda & Capitanio, 2012,
2013). Tracers advected with the mantle flow can be used to record the deformation history and subsequently
model CPO formation with texture evolution models, such as D-REX (Faccenda & Capitanio, 2012; Fraters &
Billen, 2021; Kaminski et al., 2004) or VPSC (Di Leo et al., 2014; Tommasi et al., 2000).

In this paper, we model texture evolution on tracers from subduction models using the D-REX method (based on
Fraters and Billen (2021)), the MDM (Hansen, Conrad, et al., 2016; Hansen, Warren, et al., 2016) method, and the
MDM + AV (Wang et al., 2024) method. The MDM + AV method considers the anisotropic viscous effect on the
evolving texture without modifying the tracers' path in the subduction model (Wang et al., 2024). Whereas Wang
et al. (2024) compared textures predicted by D-Rex, MDM, and MDM + AV on two tracers moving through the
subduction zone, our study expands this comparison to multiple tracers spanning the whole subduction zone
region. Our results show that, as in previous comparisons, D-Rex usually predicts a more point-like texture, while
MDM predicts a more girdle-like texture (Hansen, Conrad, et al., 2016; Hansen, Warren, et al., 2016; Wang
et al., 2024). For clusters that are significantly weakened by AV (e.g., W4, S3, and S4 from the retreating-trench
model and W1, and S2 from the stationary-trench model at the final step), the pointiness scores of MDM + AV
textures are as large as or greater than the pointiness scores of textures predicted by D-Rex. Including AV could
promote a more point-like texture when the deformation occurs in the preferred orientation.

Since olivine CPO and CPO-induced AV are both dependent on deformation history, time-series clustering
analysis helps to identify regions that share similar deformation histories, which leads to similar textures and
viscous anisotropy. As a result, it is easier to analyze the relationship between textures and anisotropy using the
clusters. As is evident for clusters W1, W2, W3, S3, and S4 from the retreating-trench model, maximum
weakening of AV occurs when a strong point-like texture develops and is aligned to the shear direction (Figure 3).
The same can be observed in the stationary-trench model for clusters W1, and S1 (Figure 4) and in both models for
tracers near the edge of the slab (Figure 5). Concerning the amount of deformation and the strength of the texture
(measured by the P-score here), overall weakening by AV is larger and more widespread for tracers near the
center of the subduction model with a retreating trench (Figures 3¢ and 3f). On the other hand, due to the rapid
change of horizontal flow direction (toroidal flow), tracers near the edge of the subduction model with a retreating
trench experience less weakening (Figures 6¢ and 6d).

We find that texture predictions show predominantly trench-normal orientations of the olivine a-axis (fast seismic
direction) away from the slab edges, except between 300 and 400 km depths in the sub-slab area (cluster S2).
These orientations are also in good agreement with previous modeling results of retreating subduction models (Di
Leo et al., 2014; Faccenda & Capitanio, 2012, 2013). Trench-parallel directions are rare in the model with a
stationary trench. Rather, we find a strong trench-normal alignment concentrated within small areas close to the
overriding and subducting plates, where viscous coupling between the moving lithospheric plates and the
asthenosphere promotes strong deformations. The corresponding regions (S2) that generate such signals are
conveniently identified with the clustering method.

Fraters and Billen (2021) observed trench-parallel CPO in the mantle wedge region, some hundred kilometers
away from an advancing (rolling forward) slab. Such CPO has not been found in our models, likely because the
stationary trench or retreating trenches in our models result in different dynamics compared to the advancing
trenches of Fraters and Billen (2021). Close to the slab edges, toroidal mantle flow dominates the CPO a-axes
direction, rotating between trench-normal and trench-parallel and back to trench-oblique. Faccenda and Cap-
itanio (2012) showed that the further we go from the trench, the more dominant trench-parallel directions become.
In our retreating model, this can be somewhat observed by the strongest and mostly trench-oblique directions
occurring furthest from the trench (Figure 8), albeit in our model only the areas closest to the slab edge and the
trench are covered with tracers. Because toroidal flow is absent in the stagnant-trench model, we only find sub-
vertical orientations with weak P-scores caused by the sinking of the slab in this case.

4.2. Comparison With Seismic Anisotropy Observations

The clusters we identify help to classify seismic anisotropy patterns in subduction zones and are especially helpful
for defining regions of uniform olivine texture as a source of seismic anisotropy in different subduction settings.
The clustering analysis reveals significant heterogeneity in seismic anisotropy, approximated by olivine a-axis
texture, with clusters spaced approximately 100-200 km apart around the slab edge and 200-300 km apart
farther into the center of the subduction zone (Figures 7 and 8). Below 410 km in the mantle transition zone
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Figure 7. Mean olivine a-axis orientations for tracers on the center cross-section, colored by their P-scores representing the anisotropy amplitude above a background of
the viscosity at the end of the model. The top panel (a) is for the retreating-trench subduction model and the bottom panel (b) is for the stationary-trench subduction
model. The orientations are 3D lines such that if the line shows its full length, the orientation is trench-normal, and if the line appears as a point, the orientation is trench-

parallel.

(MTZ), Mainprice et al. (1990) suggest that during the phase transition, the new phase may inherit orientations
from the old phase (e.g., the olivine to spinel phase transition). They propose a method to compute the inherited
CPO based on the orientation relationship between the two phases on orientations (Mainprice et al., 1990).
Faccenda (2014) and Magali et al. (2024), on the other hand, implemented a simplified version of the phase
transition, which assigns a random CPO to aggregates that travel into the MTZ. Our implementation of phase
transition only happens in the texture prediction post-processing step for MDM and MDM + AV and does not
affect the viscosity structure of the model. Although this simplified representation of the effect of phase transition
on anisotropy limits our interpretation, we can still infer the relationship between CPO and CPO-induced AV for
clusters that include tracers that have not crossed into the MTZ (cluster groups W and S).

4.2.1. Poloidal Flow in Subduction Zones

We identified that the most significant seismic anisotropy in the subduction model with a retreating trench is
located in the mantle wedge region (W1, W3, and W4) and below the subducting plate (S3 and S4), and is oriented
in a trench-normal direction (Figure 3). This is also visible in Figure 7a, where the trench-normal signals exhibit
larger amplitudes (yellowish) compared to the oblique or trench-parallel signals. Such trench-normal signals have
been observed in many subduction zones, for example, in the back-arc region in the Tonga subduction zone
(Fischer et al., 2000) and in the Scotia Sea (Miiller, 2001), and have been interpreted as poloidal flow coupled to
the down-going slab. Between 300 and 400 km depth behind the slab, the trench-parallel signals from cluster S2
are well-separated from the weaker and oblique signals around them (Figure 7a). The trench-parallel fast direction
in the sub-slab region has been observed up to 400 km depth, for example, in the Tongan (Foley & Long, 2011),
Caribbean (Lynner & Long, 2013), and Scotian (Lynner & Long, 2013) subduction systems. In the other parts of
the model, the anisotropy is much weaker and trench-oblique in different orientations.
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Figure 8. The same as for Figure 7, but for tracers on the slab edge of (a) in the retreating-trench subduction model and (b) in the stationary-trench subduction model.

Trench-normal orientations are also the strongest and the most widespread signals in the stationary-trench model
(as for the retreating-trench model), but the locations of such orientations vary between the two models (Figure 7).
In the retreating-trench model (Figure 7a), most trench-normal orientations are located below the opening back-
arc basin in the mantle wedge region, while in the stationary-trench model (Figure 7b), there are relatively
stronger trench-normal signals directly beneath both the subducting plate (S2 and S3) and the overriding plate
(W2), and at the plate interface (W1). These differences are likely due to deformation induced by additional basal
drag associated with convergence between the subducting and the overriding plates. In general, our models
suggest that horizontal anisotropy is stronger in the retreating trench configuration compared to the stationary
trench model, both at the center of the subduction zone and near the slab edge. This may be linked to more
vigorous mantle deformation induced by trench retreat. However, greater anisotropy amplitudes have not been
reported for retreating trenches. Instead, existing anisotropy studies primarily focus on the directionality of
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anisotropy rather than amplitude. Given that anisotropy amplitude observations from studies using different
methods and resolutions are not directly comparable, designing future seismic studies specifically targeting
amplitude comparisons across different subduction types could provide valuable insights.

Long's (2013) summary of seismic anisotropy orientations in the mantle wedge also shows that trench-parallel
anisotropy transitioning to trench-normal orientations away from the slab occurs more often than trench-
normal orientations alone. We find no strong and clear trench-parallel signal in the center of our models
where tracers experience dominant poloidal flow. In the mantle wedge region, if water is present at low-
temperature and high-stress conditions, several studies (Jung & Karato, 2001; Kneller et al., 2008; Long
et al., 2007) suggest that the presence of B-type olivine fabric could lead to trench-parallel fast directions in
seismic anisotropy. In our MDM + AV texture prediction model, different olivine fabrics and the effect of water
are not included. Trench-parallel or oblique orientations might also be induced by more complex slab geometries
with locally flattened sections, as in Peru (MacDougall et al., 2012). This might induce additional lateral flows
both in front of and behind the slab that cannot be accounted for in our models. Apart from this, the absence of
trench-parallel orientations in our model could also be related to incomplete coupling between texture evolution,
anisotropic viscosity, and model dynamics. The feedback effect that would allow anisotropic viscosity to change
deformation has not yet been implemented in our modeling method but could result in changes to flow that
produce seismically observable rock textures.

4.2.2. Toroidal Flow in Subduction Zone

On the lateral edge of the slab, we observe a variety of anisotropy orientations due to toroidal flow around the slab
edge (Figure 8). Tracers are clustered into groups that end up oriented in different oblique directions, capturing
different portions of the toroidal flow around the slab edge. In the subduction model with a retreating trench, we
observe a transition from trench-normal to oblique or trench-parallel orientations during the evolution of the
model induced by the toroidal flow (Figure 6). This is consistent with mantle material from all directions being
transported to fill the space left by the retreating trench. Such trench-parallel orientations are not observed during
the evolution of the subduction zone with a stationary trench due to the lack of horizontal toroidal flow in that
model, and anisotropy in this model is also weak.

Toroidal flow in subduction zones is usually observed in trench-parallel fast directions in the mantle wedge and
sub-slab regions that wrap around slab edges. As in our model of a retreating subduction zone, the fast directions
at the edge of the slab represent different portions of toroidal flow with a variety of orientations ranging from
trench-parallel to trench-normal (Figure 8). Typical toroidal flow cells in subduction systems that are interpreted
from SKS observations include, for example, the Caribbean and Scotia subduction zones (Russo & Silver, 1994),
the Tonga subduction zone (Foley & Long, 2011; Yu et al., 2022), the Calabrian subduction zone (Baccheschi
et al., 2024; Civello & Margheriti, 2004; Faccenna et al., 2014), and the Cascadia subduction zone (Zandt &
Humphreys, 2008).

5. Conclusions

This study demonstrates the utility of time-series clustering for identifying regions of distinct olivine texture and
seismic anisotropy in subduction zones. Clustering analysis can successfully identify heterogeneity in the evo-
lution of texture and deformation stored on tracers in the subduction model and could also be applied to other
time-series data obtained in geodynamic models. Our comparison of D-Rex, MDM, and MDM + AV texture
prediction methods indicates that the regions most affected by AV are those that have more developed and point-
like olivine textures. In these, the pointiness scores from MDM + AV textures are similar to or even greater than
those from D-Rex. The heterogeneity in olivine a-axis orientations revealed by the clustering analysis is com-
parable to scale and orientation to seismic anisotropy in subduction zones. In particular, we observe predomi-
nantly trench-normal orientations in the mantle wedge and sub-slab regions, with the toroidal flow around slab
edges producing a variety of trench-oblique orientations. The textures are, in general, stronger and more
developed in the retreating trench model than in the stationary one. Our results reveal heterogeneities in olivine
textures in subduction models both horizontally and across vertical depths. Our models provide good constraints
on the spatial and temporal variability of mantle textures in subduction zones, which in the future can be useful for
comparison with regional, depth-sensitive seismic anisotropy studies. This study underscores the complex
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interplay between mantle flow, olivine texture, and seismic anisotropy, which can vary significantly depending on
trench kinematics and the inclusion of AV in texture models but can be characterized using clustering methods.
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