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Abstract The Cauca region is the only documented site in the world where extensive intermediate depth
seismicity occurs over multiple decades above a subducting slab. Here, the subducting Nazca oceanic plate
descends beneath a mosaic of terranes derived from the Caribbean plate and accreted to continental South
America from the Cretaceous to the present. Through relative relocation of >6,000 earthquakes from 2010 to
2019 we show that seismic activity within the Nazca slab is concentrated immediately inboard of the most
recently accreted terrane (the Panamá–Chocó Block) and that supraslab seismicity is occurring within the
subducted continuation of this terrane. The deepest extent of this seismicity occurs only within the Colombian
forearc and a gap in the active volcanic arc, indicating that the continuation of this terrane at depth has perturbed
the thermal structure of the subduction zone. This perturbation is likely what permits brittle failure to occur
above the slab. Within the context of the long‐term evolution of the Colombian subduction zone, this seismicity
must represent either a transient phenomenon as the continuation of the Panamá–Chocó Block warms and
becomes incorporated into the convecting mantle wedge or a site where fluids released by the subducting Nazca
slab have been focused, promoting hydrofracture. While additional tests are necessary to distinguish between
these possibilities, seismicity within the Nazca slab is most intense directly beneath the locations where
supraslab seismicity is concentrated, consistent with hydrofracture due to fluids escaping the slab. Similar
transient processes may have affected terrane accretion in the geologic past.

Plain Language Summary Some oceanic plates carry large pieces of buoyant, thick oceanic crust or
fragments of continental crust. If these pieces are large enough to resist being pulled down during subduction,
they stick to the edge of continents and are called terranes. A terrane stuck beneath the edge of a continent may
cool the deeper parts of the subduction zone. We show that this has happened in the Cauca region of Colombia.
Part of the thick oceanic crust that forms Panamá and the northwestern edge of Colombia has been trapped
beneath South America to 125 km depth. It has cooled the area, allowing brittle fractures—earthquakes—to
occur above the subducting oceanic plate. This makes the region different from all other subduction zones where
earthquakes below 70 km depth occur only in subducting oceanic plates. Cauca earthquakes are mostly above
the location the subducted oceanic plate has the most earthquakes. We suspect that water released by the oceanic
plate is helping to cause earthquakes above the plate. Future tests will see if water is important here or if the
terrane is being warmed by the deep parts of the subduction zone, causing the earthquakes. Other terranes likely
acted similarly in the geologic past.

1. Introduction
Terrane collision is a critical process in the evolution of many subduction zones and orogenic systems (e.g.,
Himalaya‐Tibet: Yin & Harrison, 2000; Kapp & DeCelles, 2019; Western North America: Dickinson, 2009;
Wells et al., 2014; Ecuador‐Colombia: Restrepo & Toussaint, 2020; Toussaint & Restrepo, 2020; Jaillard, 2022;
Mediterranean: Dilek & Sandvol, 2009; Robertson et al., 2012). The ultimate fate of a terrane is typically
conceptualized as ranging from complete subduction to underplating beneath the overriding plate to direct frontal
accretion (e.g., Tao et al., 2020; Tetreault & Buiter, 2012, 2014; Vogt & Gerya, 2014). The accretion of island arc
and oceanic plateau terranes onto continental margins plays an important role in the long‐term growth of con-
tinental crust (Stern & Scholl, 2010). However, understanding of the processes that accompany terrane accretion,
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especially those processes occurring at mantle depths, has been largely limited to inferences drawn from material
exhumed following continental collision (e.g., Agard, 2021; Angiboust & Raimondo, 2022; Hacker et al., 2013).
Observation of these processes in situ requires the identification of locations where terrane accretion and active
subduction are ongoing. Here we show that the unusual intermediate depth seismicity observed above a sub-
ducting slab in Colombia's Cauca region (Chang et al., 2017, 2019) represents such an in situ process associated
with the ongoing accretion of the Panamá–Chocó Block to northwest South America (Figure 1a).

Subduction zone earthquakes typically occur within one of three settings. Shallow earthquakes with hypocenter
depths of <70 km (see discussion in Frohlich, 2006) occur along the subduction interface (e.g., Bilek &
Lay, 2018) or within the overriding plate's crust (e.g., Madella & Ehlers, 2021; Sippl et al., 2018) and infrequently
in its mantle (e.g., Bie et al., 2020; Halpaap et al., 2019; Laigle et al., 2013). At greater depths, the majority of
earthquakes occur within theWadati–Benioff zone, one or two dipping bands of earthquakes that occur within the
subducting oceanic plate (e.g., Brudzinski et al., 2007; Florez & Prieto, 2019). The Cauca region in Colombia (the
Pacific coast and cordillera west of ∼75°W and south of ∼5.5°N) represents the only documented location where
intermediate (70–300 km) depth seismicity has occurred, continuously for multiple decades, within the mantle
wedge above rather than only within a subducting oceanic plate (Chang et al., 2017, 2019). In this study, we
relocate seismicity from 2010 to 2019 reported by the Servicio Geológico Colombiano (SGC, Colombian
Geological Survey) occurring below 10 km depth in the Cauca region to show that Cauca seismicity largely
frames and occurs within a deeply subducted portion of the accreting Panamá–Chocó Block. We then discuss the
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Figure 1. (a) Map of northwestern South America and southernmost Central America showing major tectonic features of the
region, seismic stations used in this study, and location of cross‐sections shown in Figures 2–5 with corresponding swath
widths. Holocene volcanic centers are from Global Volcanism Program (2024). Romeral Fault is modified from Taboada
et al. (2000) and Ego et al. (1995). Panamá–Chocó Block (P.‐C.B.) suture is compiled from León et al. (2018) and Lara
et al. (2018). Other boundaries of the Panamá–Chocó Block compiled from Carvajal‐Arenas and Mann (2018) and Linkimer
et al. (2010). Limit of accreted terranes is compiled from Cochrane et al. (2014) and Mora‐Bohórquez et al. (2017).
Topography data from Ryan et al. (2009). (b) All reported RSNC 2010 to July 2019 hypocenter locations (Servicio
Geológico Colombiano, 1993b) plotted so that deeper earthquakes overlie shallower ones. The subset relocated in this study
is marked by the black box. Bucaramanga and Cauca segments from Pennington (1981). White ellipse marks the
approximate extent of the Cauca cluster within the Cauca segment. Note that the offset of the two segments is interpreted to
be the Caldas Tear (Vargas & Mann, 2013) though it may instead represent the southernmost edge of the Caribbean plate's
subducted lithosphere (e.g., Kellogg et al., 2019). (c) Histogram of all reported RSNC 2010 to July 2019 hypocenters plotted
by latitude. The segment overlap marks location of the small area of overlap between the Bucaramanga and Cauca segments
seen in (b) and of the proposed location of the Caldas Tear, northern and southern elongate, slab‐normal fingers of seismicity
mark location of supraslab, intermediate depth (≥70 km) seismicity observed by Chang et al. (2017). Note that intermediate
depth seismicity is nearly non‐existent south of 2°N, the southern boundary of our relocated subset of earthquakes.
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implications this tectonic context has for the physical mechanism responsible for Cauca seismicity and plate
tectonic processes.

1.1. Evolution of the Western Colombian Active Margin

Terrane accretion has dominated western Colombia throughout the Phanerozoic, though the precise timing and
even the number of constituent terranes remains contentious (see reviews and efforts at regional reconciliation in
Restrepo and Toussaint (2020), Toussaint and Restrepo (2020), and Cediel & Shaw (2019)). These terranes
incorporate both continental and oceanic affinity materials exposed in the Central Cordillera and components of
the Caribbean oceanic lithosphere (COL, including both the Caribbean Large Igneous Province and island arc
material) which make up the basement of the Western Cordillera and modern forearc (Figure 1a). Cauca segment
(Pennington, 1981) seismicity generally occurs beneath COL derived terranes (see Figure 1b), and as we argue
below specifically in association with the Panamá–Chocó Block, suggesting a possible relationship between this
seismicity and the history of these COL derived terranes.

Initial collision of the leading edge of the COL with northern South America likely occurred ∼100–80 Ma
progressively from the south to the north with a significant strike‐slip component (e.g., Boschman et al., 2014;
Braszus et al., 2021; Montes et al., 2019; Pindell & Kennan, 2009; Pindell et al., 2005). Plate reconstructions
constrained by tomographic slab models (Braszus et al., 2021) and the development of arc volcanism within both
the pre‐collisional South American margin (Cardona et al., 2020; Jaramillo et al., 2017; Leal‐Mejía et al., 2019;
Zapata et al., 2019) and northeastern edge of the Caribbean plate (Jaramillo et al., 2017; Leal‐Mejía et al., 2019;
Pindell & Kennan, 2009; Zapata et al., 2019) require subduction of the intervening Proto‐Caribbean oceanic
lithosphere both eastward beneath South America and westward beneath the Caribbean. After collision with the
leading edge of the Caribbean plate, subduction reinitialized beneath the northwest South American margin
(Jaramillo et al., 2017; Pindell et al., 2005; Zapata et al., 2019) as part of a trench‐trench‐trench triple junction
between the South American, Caribbean, and Farallon plates (e.g., Pindell et al., 2005; Boschman et al., 2014;
Barbosa‐Espitia et al., 2019 Montes et al., 2019, González et al., 2023; though see e.g. Leal‐Mejía et al., 2019 for
alternative interpretation).

The trench‐trench‐trench triple junction eventually brought components of the intra‐oceanic Panamá–Chocó
volcanic arc on the southwestern margin of the Caribbean plate into contact with the Colombian Trench. The
earliest evidence for significant interaction of these may be indicated by the beginning of deformation recorded in
the Panamá portion of the arc at ∼38–40 Ma (Barat et al., 2014; Buchs et al., 2019; Montes et al., 2012),
approximately contemporaneous with the 45–39 Ma shutdown of arc volcanism in the South American plate
north of the triple junction (Barbosa‐Espitia et al., 2019; Cardona et al., 2018). Subduction of the Caribbean Plate
around the triple junction continued at a rate of ∼20 mm/yr until 28–20 Ma when the Chocó portion of the arc
presently exposed at the surface made contact with South America (Ariza‐Acero et al., 2022; González
et al., 2023; Montes et al., 2012), requiring that between 220 and 380 km of the Panamá–Chocó arc was subducted
prior to its accretion as the Panamá–Chocó Block, the western‐most COL terrane, in the late Oligocene or early
Miocene (e.g., Ariza‐Acero et al., 2022; Lara et al., 2018; Montes et al., 2012; Piedrahita et al., 2017; Suter
et al., 2008). Geodetic observations show that the Panamá portion of the block north of ∼7°N acts as an eastward‐
moving indenter (Jarrin et al., 2023; Kellogg et al., 2019), while the southern Chocó portion of the block moves
with adjacent parts of the Colombian Andes (Jarrin et al., 2023; Kellogg et al., 2019) indicating that accretion is an
ongoing process. This is also reflected in a change in regional faulting near the southeastern edge of the Chocó
portion between 3°N and 4.5°N (Figure 1a) where the Romeral strike‐slip fault switches from left‐lateral to right‐
lateral/transpressional (Ego et al., 1995; Jarrin et al., 2023; Taboada et al., 2000) and more minor Quaternary
faults mark an active right‐lateral shear zone cross‐cutting the Romeral fault (Suter et al., 2008). These features
likely represent the final stages of suturing of the southern portion of the block to the South America plate which
began with the reestablishment of arc volcanism to the northwest of the presently active arc at∼12Ma (Rodríguez
& Zapata, 2012; Zapata‐García & Rodríguez‐García, 2020; Weber et al., 2020; and review in Marín‐Cerón
et al., 2019). Little volcanism postdating the block's accretion has been reported within the modern volcanic arc
gap between 3.5°N and 5°N (Marín‐Cerón et al., 2019), suggesting the present gap is a persistent feature.

Below, we show that the majority of intermediate depth, supraslab (lying above the Nazca slab as defined by the
slab's planar Wadati–Benioff zone) seismicity in the Cauca segment occurs in association with a previously
unknown ∼180 km long segment of the Panamá–Chocó Block thrust beneath the Colombian Western Cordillera.
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The top of this feature is a dipping plane of seismicity, clearly separable from the Wadati–Benioff Zone of the
Nazca plate, running from ∼10 km depth at the mapped suture between ∼3.5°N and ∼4.5°N to ∼75 km depth at
∼3°N. This approximately coincides with the switch in left‐lateral to right‐lateral slip in the Romeral Fault noted
above. Intense supraslab seismicity down to ∼125 km depth may mark the downdip termination of the subducted
block, near the approximate center of the gap in the volcanic arc. More diffuse supraslab seismicity characterizes
the region above the subducted portion of the block, within either the original lithospheric mantle of the earlier
accreting terranes or trapped, frozen mantle wedge asthenosphere between the block and overlying terranes.
North of ∼5.5°N intermediate depth seismicity disappears, inhibiting detailed analysis through earthquake
relocation and perhaps indicating a significant structural change to the north of the paleo‐triple junction.

1.2. The Cauca Cluster: Long‐Term, Deep Seismicity Beyond a Subducting Plate

The Cauca cluster occurs within the region between 3.5°N to 5.5°N and 75.3°W to 77°W (Chang et al., 2017;
Cortés & Angelier, 2005), encompassing roughly the northern half of the Cauca segment between ∼1.5°N to
5.5°N and 75°W to 77°W (Cortés & Angelier, 2005; Pennington, 1981). While comprising ∼17% of the Cauca
segment's area, the cluster accounts for∼68% (258 of 380) of intermediate (70–300 km) depth seismicity reported
for the segment in the International Seismological Centre's global earthquake catalog for 1964 to 2022 with
magnitudes >4.0 (International Seismological Center, 2024). Regional earthquake detections from the SGC's
network show a more pronounced dominance of the Cauca cluster over Cauca segment seismicity for the 2010 to
mid‐2019 period: 45% (9,235 of 20,744) of all recorded events and 83% (4,809 of 5,769) of all events between 70
and 300 km depth occurred in the cluster (Servicio Geológico Colombiano, 1993b; see also Figures 1b and 1c).
Within the cluster, a pair of structures were previously observed to extend∼30–40 km orthogonally from the well‐
defined dipping plane of Wadati–Benioff zone seismicity in the Nazca Plate (Chang et al., 2017; see locations in
Figure 1c) and previously misidentified as part of the slab (e.g., Cortés & Angelier, 2005; Ojeda & Hav-
skov, 2001; Pennington, 1981). Supraslab earthquakes within these structures are evident in the catalog extending
back to 1964 examined by Pennington (1981) and continue through the present, making the Cauca cluster the
most persistent documented example of intermediate depth supraslab seismicity, lasting well beyond the <1 year‐
long sequences reported elsewhere (e.g., Špičák et al., 2004, 2009; White et al., 2019) and laying ∼50–100 km
deeper than other shallow, long‐lasting examples of mantle wedge seismicity from subduction zones (e.g., Bie
et al., 2020; Davey & Ristau, 2011; Halpaap et al., 2019; Laigle et al., 2013; Nakajima & Uchida, 2018; Nakata
et al., 2019; Paulatto et al., 2017; Uchida et al., 2010) with much higher thermal parameters (Syracuse
et al., 2010), which would (contra Halpaap et al., 2021) be expected to indicate a significantly warmer subduction
zone in Colombia than at these other locations.

We suggest that the subducted continuation of the Panamá–Chocó block is directly responsible for the existence
of the Cauca cluster. This block of lithosphere appears to lie directly above the top of the slab from the megathrust
down to ∼125–150 km depth at its greatest extent, enabling seismogenic processes usually associated with
subducting slabs to occur within a block of cold, supraslab material. The stationarity of the material containing the
Cauca cluster provides a unique chance to evaluate proposed causes of intermediate depth seismicity. Numerical
modeling of subduction zones has shown that a steady state thermal structure is achieved on ∼12 Myr timescales
(van Keken et al., 2018), indicating that the material hosting the Cauca cluster should have a near steady‐state
thermal structure given the date of its subduction and the continuous refrigeration caused along its base by the
subducting slab. This greatly reduces the effects of progressive mineral phase changes that complicate inter-
pretation of slab seismicity. We conclude by exploring the implications our observations have for different
proposed causes of slab seismicity as a basis for future work on this long‐standing problem in subduction zone
science.

2. Method
Double‐difference earthquake relocation approaches (e.g., Waldhauser & Ellsworth, 2000; Waldhauser &
Schaff, 2007) attempt to reduce or eliminate the effect of unknown three‐dimensional variations in seismic ve-
locity between earthquake sources and seismic stations on calculated earthquake hypocenter locations. Pairs of
earthquakes separated by arbitrarily short distances are assumed to follow near‐identical ray paths to a seismic
station and be affected equally by velocity variations encountered along the path. Differences in arrival times,
with origin time removed, between pairs of neighboring events can be attributed to their spatial separation. By
incorporating a minimum of eight observations of an earthquake pair (providing four differential measurements
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for each earthquake in the pair), this separation can be defined in three spatial dimensions and in time. Incor-
poration of additional stations observing each event pair, of additional earthquakes to pair with, and of both P‐ and
S‐phase arrival information can improve precision of earthquake hypocenter locations (Waldhauser, 2001;
Waldhauser & Ellsworth, 2000). For neighboring earthquakes with broadly similar waveforms, further precision
may be obtained by using arrival cross‐correlation to reduce uncertainties inherent to manual phase arrival
picking.

Earthquake locations provided by double difference approaches are robust only in a relative sense. As we have
previously shown with a more computationally tractable, non‐cross‐correlated data set (Bishop et al., 2023) the
absolute locations of hypocenters are highly variable depending on the assumed regional velocity model, P‐wave
velocity to S‐wave velocity ratio (Vp/Vs ratio), and systematic offsets in initial catalog earthquake location, but
the overall configuration of hypocenters varies in only minor detail. An exception to this occurs for events
immediately above and below a strong, horizontal velocity contrast like the Mohorovičić discontinuity that is not
exactly matched by the velocity model due to differences between true and modeled ray paths. If the contrast is
modeled shallower than its true depth, hypocenters near the boundary will tend to be pushed away from the
modeled contrast; if the modeled contrast is deeper, hypocenters will tend to be pulled toward the modeled
contrast (Bishop et al., 2023). Hypocenter configuration does not change significantly with error in event origin
time of at least 2 s and arrival time error of up to 0.5 s (Bishop et al., 2023), approximately equivalent to the
average picking error of 0.43 s for seismic network analysts for events at local distances and low signal‐to‐noise
(Zeiler & Velasco, 2009).

We have used the double‐difference method implemented in HypoDD (Waldhauser, 2001; Waldhauser &
Ellsworth, 2000) to relocate hypocenters based on locations and P‐ and S‐arrival times reported in the SGC
catalog. This approach was previously used for a subset of our data set by Chang et al. (2017) and our goal is to
build on this work over a larger region and longer duration while providing hypocenter uncertainty estimates for
seismicity in the region, a computationally intensive problem not attempted at this scale by Chang et al. (2017).
We used the single‐value decomposition approach implemented in HypoDD to obtain mathematically valid
estimates of hypocenter uncertainty (Waldhauser, 2001; Waldhauser & Ellsworth, 2000), despite the high
computational costs (see Section 3 below). We have run our relocation for a much larger 4° × 4° region than prior
studies of the Cauca cluster to both investigate the regional context of the cluster and reduce the possible effects of
systematic offset in initial hypocenter location. We further used the optimal regional 1‐D P‐wave velocity model
and Vp/Vs ratio obtained by Ojeda and Havskov (2001) for central Colombia as this model and ratio are used to
locate the majority (>95%) of events in the RSNC catalog. Incorporation of a regionally accurate Vp/Vs ratio and
S‐wave arrival information provides constraints previously shown to improve both the ability to locate shallow
hypocenters and overall hypocenter location accuracy relative to P‐wave information alone (e.g., Chiu
et al., 1997; Gomberg et al., 1990). However, the lack of a 3D velocity model for the region will cause subsets of
hypocenters to be systematically shifted due to the presence of strong lateral velocity gradients (e.g., comparison
of 1D and 3D locations in Zhang & Thurber, 2003).

3. Data
We have used 10 years of phase‐pick arrival times and hypocenter initial locations from the RSNC catalog
(Servicio Geológico Colombiano, 1993b; http://bdrsnc.sgc.gov.co/paginas1/catalogo/index.php) from 1 January
2010 to 5 July 2019 for the 4°× 4° region centered on the Cauca cluster and running from 2°N to 6°N and 74°W to
78°W (see black box in Figure 1b). More than 95% of hypocenter locations in the RSNC catalog during our study
period were obtained use the regional velocity model from Ojeda and Havskov (2001), while remaining hypo-
centers were obtained using a variety of local velocity models (e.g., Londoño et al., 2019; Pedraza & Pulido, 2018;
Poveda et al., 2018). We have not utilized cross‐correlation picks as prior investigation of supraslab seismicity in
the region has shown that focal mechanisms of these earthquakes are too variable to yield reliable cross‐
correlation picks (Chang et al., 2017). We use the full range of magnitudes reported by the SGC for our study
area, from nominal 0.5 Ml to 6.1 MW. We selected events with reported hypocenter depths of ≥10 km to minimize
the number of relocations that have negative depth (so called “airquakes,” see Waldhauser, 2001) and at least
three stations within 450 km of the epicenter. We then assigned weighting factors to P‐ and S‐phase arrivals based
on station‐epicenter distance: distances of less than 100 km were assigned a weight of 0.9, 100–150 km were
assigned 0.8, 150–200 km were assigned 0.7, and 200–450 km were assigned 0.5. Computational limitations and
the SGC's shift from SEISAN to SeisComp3 hypocenter determination at the end of February 2018 required us to
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divide our data set into 8 segments run as independent inversions in HypoDD. 1 January 2010 to 28 February 2018
were divided into seven 14‐month long segments while the final segment covered 23 February 2018 to 5 July
2019 (see Supporting Information S1 regarding overlap of the final two segments), ∼16 months. The final
segment required 54 days of computation time to relocate an initial set of 3,196 events compared to the 2 days
required by the seventh segment to relocate an initial set of 1,566 events, reflecting both an improvement in the
SGC's ability to detect events and how doubling the number of events inverted by HypoDD exponentially in-
creases computation time.

HypoDD places a number of internal data quality requirements on pairs of events prior to inversion. We required
that all event pairs and stations used in the inversion be separated by at most 200 km. This resulted in a total of 61
usable stations (Figure 1 and Table S1). Hypocenters in each event pair were further required to lie within 50 km
of each other, have a minimum of 10 and maximum of 50 observations for each event pair, have a minimum of 8
observations to define a neighboring event, and have a maximum number of 10 neighboring events. While most of
these values are restrictive and should help to ensure stable solutions, we greatly relaxed the maximum distance
between hypocenters in a pair (typically ∼15–20 km for subduction zone settings, see double‐difference used by
e.g. Rietbrock & Waldhauser, 2004; Zhang et al., 2004; Chang et al., 2017; Linkimer et al., 2020) as a way to
assess the appropriateness of typical a priori values used for this parameter. The weighted average of the distance
between hypocenters in a pair for our entire data set is 15.1 km, indicating that the event pairs satisfying other
quality requirements are largely contained within an appropriate range of separation without imposing a strongly
restrictive a priori constraint.

Taken together, these selection criteria resulted in a total of 8,306 events suitable for relocation with 171,812 P‐
phase differential times and 166,951 S‐phase differential times. Of these, 1,017 events were isolated and un-
suitable for HypoDD relocation, leaving 7,289 candidates for relocation.

4. Results
A total of 6,722 earthquakes out of the 7,289 relocation candidates were relocatable using HypoDD, representing
a successful relocation rate of 92%. A full catalog of our relocations is provided in Table S2 and a more detailed
examination of event uncertainties is provided in Supporting Information S1. As shown in Figure S1, vertical and
lateral uncertainties of the relocations are not normally distributed and 67% of relocations have all directional
uncertainties <5 km compared to only 42% of the input catalog locations. 1σ standard deviations for latitudinal,
longitudinal, and depth uncertainties are 11.9 km, 21.8 km, and 16.3 km. These values approximate the scale of
the smallest features we examine, and as such we plot or interpret only the 6,375 hypocenters with smaller spatial
uncertainties. No strong correlation exists between relocation uncertainty and hypocenter origin time (Figures S2a
and S2c in Supporting Information S1)—indicating uncertainties are largely unaffected by changes to the network
over our study period or by our division of the data set into time intervals. Relocation uncertainties' relationship to
the relocated hypocenters' spatial position can be most easily examined in terms of distance from the relocated
hypocenters' centroid. No strong correlation exists between relocation uncertainty and distance from the relocated
hypocenters' centroid for events within 2.82° (the maximum distance from the center of our study region to its
corners; Figures S2b and S2d in Supporting Information S1) of the centroid (6,716 hypocenters).

4.1. Defining the Cauca Cluster's Structures Through Earthquake Locations

Figures 2 and 3 provide cross‐sections showing our relocations and their uncertainties along trench
∼perpendicular (Figures 2 and 3a–3c) and trench ∼parallel (Figure 3d) orientations (compare with initial catalog
location uncertainties in Figures S3 and S4 in Supporting Information S1). Swath width for each cross‐section
varies in order to capture structures of interest or to illustrate separation between these structures. A number
of structures cross discontinuities within the velocity model used to calculate our relocations. As noted above in
Section 2, this may produce artifacts within ∼2–3 km of the discontinuity. To check for these effects, we have
plotted the velocity model's discontinuities on each cross‐section in red (≥1 km/s difference across the discon-
tinuity), yellow, (0.4 km/s difference), or green (0.1 km/s difference). Figures 2 and 3 show little effect on the
density of events about these discontinuities and the depth histogram in Figure S5 in Supporting Information S1
shows no departures from large scale trends at these discontinuities at our depths of interest, collectively indi-
cating these discontinuities have little effect on the structures seen in our relocations. Structural complexity
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Figure 2. Cross‐sections 1‐4 (see Figure 1 for locations) showing relocation results (black dots) and their 2σ uncertainties. Red numbers mark ends of lines. Horizontal
colored lines mark depths of changes in velocity in 1‐D model used for relocation, shown at left (from Ojeda & Havskov, 2001). Trench (T), Coast (C), Panamá–Chocó
Block suture (S), and Romeral Fault (R) provided to aid in orientation. See text for discussion.
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Figure 3. Cross‐sections 5‐8 (see Figure 1 for locations) showing relocation results (black dots) and their 2σ uncertainties. Black numbers 1–7 in panel (d) mark
intersection of cross‐section 8‐8’ with other cross‐sections. All other features as in Figure 2. See text for discussion.
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increases from south to north in our study region, and as such we examine the cross‐sections beginning with the
southernmost.

Cross‐section 1‐1’ (Figure 2a) passes through the region south of the Cauca cluster. Earthquakes in this region are
comparatively infrequent and easily divisible into three groups: a dipping feature resolvable from ∼50 to
∼150 km depth west of the volcanic arc, scattered events above this dipping feature limited to <25 km depth, and
a more compact set of events east of the volcanic arc which may extend slightly deeper to ∼30 km depth.

Cross‐section 2‐2’ (Figure 2b) passes through the southern edge of the Cauca cluster, highlighting the greater
productivity of the cluster. Clear groupings within the earthquakes are more difficult to distinguish than along 1‐
1’, however the hypocenters can be divided into several features. Between 77.9°W and 77.5°W, a small number of
events between ∼25 and ∼60 km depth are clearly separable from other features. The large wedge‐shaped group
west of the volcanic arc between 77.2°W and 76.1°W can be subdivided into three features: a lower dipping
feature from ∼50 to >150 km depth, a shallower dipping feature from <10 to∼80 km depth, and a residual subset
of events above and to the east of these dipping features with little internal structure. We see no evidence for the
elongate, slab‐normal fingers of seismicity at 75 and 105 km depth previously interpreted in this area (Martínez‐
Jaramillo & Prieto, 2024). We suggest that by dividing their data set into two groups relocated separately above
and below 60 km depth, Martínez‐Jaramillo and Prieto (2024) may have inadvertently separated the shallow
dipping feature we image into these fingers. In contrast, our residual subset of events does offer a clear match for
the deepest finger of supraslab seismicity reported byMartínez‐Jaramillo and Prieto (2024) beginning at∼135 km
depth and extending to crustal depths. Differing from the suggestion of Martínez‐Jaramillo and Prieto (2024), our
results show that this feature is unlikely to be a direct fluid pathway between the slab and the volcanic center
Nevado del Huila as it lies ∼50 km west of the center. The events closer to Nevado del Huila can be largely
associated with a period of intense volcanic unrest in January 2019 and likely represents a deeper continuation of
the <10 km depth seismicity reported by the Observatorio Vulcanológico y Sismológico de Popayán (Sevicio
Geológico Colombiano, 2019a, 2019b). Finally, east of the volcanic arc, we once again distinguish a compact
group of events down to ∼30 km depth.

Cross‐section 3‐3’ (Figure 2c) passes both through a gap in the active volcanic arc and through the southern finger
of seismicity that extends ∼perpendicular to the slab identified by Chang et al. (2017). Clear groupings become
more distinguishable within the distribution of earthquakes along this cross‐section. A small number of events
between 77.8°W and 77.4°W between ∼25 and ∼60 km depth are again clearly separable from the others along
this section. East of these, three features dominate: a continuation of the lower dipping feature, this time stretching
from ∼50 to ∼175 km depth; a shallower dipping feature from <10 to ∼70 km depth; and a mass of seismicity
from ∼100 to ∼125 km depth centered near 76.2°W. This third feature spatially corresponds to Chang
et al. (2017)'s southern finger of seismicity. While recent receiver function results for the region from Mojica
Boada et al. (2022) do not have sufficient lateral resolution to image possible changes in the velocity structure
around the shallow dipping feature or finger of seismicity, these two groups of seismicity are limited to the region
where receiver functions detect little velocity contrast between the continental crust and underlying forearc
mantle. This suggests the mantle containing the seismicity may have an unusual composition. Additional shallow
seismicity is largely limited to <25 km depth.

Cross‐section 4‐4’ (Figure 2d) lies within the gap in the volcanic arc and within the ∼20 km space separating the
mass of seismicity at 76.2°W on cross‐section 3‐3’ from a similar feature to the north on cross‐section 5‐5’. A
small number of earthquakes occur well west of the others between 77.8°W and ∼77.4°W between 25 and 50 km
depth. The equivalent to the lower dipping feature on cross‐sections 1‐1’ to 3‐3’ appears here from ∼50 km depth
to ∼150 km depth, however the upper dipping plane (if present) appears to have been reduced to two patches of
moderately concentrated seismicity at ∼25 and ∼60 km depth. Shallow seismicity is dominated by a compact
group of earthquakes near 74.6°W at less than ∼30 km depth.

Cross‐section 5‐5’ (Figure 3a) lies north of the gap in the active volcanic arc and passes through a second mass of
seismicity stretching∼perpendicular to the subducting slab. A distinct group of shallow earthquakes between∼25
and ∼30 km depth at 77.8°W to 77.4°W lies well west of other events. Two features are prominent in the central
part of the cross‐section: a dipping plane running from ∼50 to ∼175 km depth and a mass of seismicity
∼perpendicular to this plane centered near 76.2°W between ∼90 and ∼110 km depth. Scattered seismicity may
run from the top of this mass of seismicity to∼50 km depth. Shallow seismicity occurs above∼30 km depth and is
concentrated in two locations, one near 76.6°W and one east of ∼74.5°W.
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Cross‐section 6‐6’ (Figure 3b) passes through the active volcanic arc and through the northern finger of seismicity
identified by Chang et al. (2017). The isolated group of events at <30 km depth between 77.8°W and 77.4°W lies
well removed from other features. The most intense seismicity along the cross‐section lies within a dipping plane
of events from ∼50 to ∼150 km depth and a mass of seismicity centered at ∼76.1°W between 75 and 100 km
depth and ∼perpendicular to the dipping plane. This mass of seismicity spatially corresponds to Chang
et al. (2017)'s northern finger of seismicity. A less concentrated group of events appears to extend from this mass
to a depth of ∼25 km, however a gap of ∼25 km between these two features complicates interpretation of any
possible relationship between them. Shallow seismicity is infrequent and largely limited to <25 km depth.

Cross‐section 7‐7’ (Figure 3c) runs parallel to the hypothesized Caldas Tear/southern edge of the subducted
Caribbean plate (hereafter referred to as the Caldas Tear for brevity; see Figure 1a; Vargas & Mann, 2013;
Kellogg et al., 2019), which separates the Cauca and Bucaramanga slab segments. The events between 78.1°W
and ∼77.5°W at <30 km depth may have a weakly developed continuation at ∼60 km depth near 77.2°W,
however these events are isolated from other features. A dense, wedge‐like group of seismicity occurs from <10
to ∼75 km depth between 76.7°W and 75.8°W while a possible, weakly developed plane lies below this feature at
∼75 to >100 km depth. An intense, dipping band of seismicity between 75 and ∼125 km depth from ∼74.5°W to
∼74.0°W is spatially coincident with the southern edge of the Bucaramanga segment (e.g., Prieto et al., 2012;
Syracuse et al., 2016). This seismicity associated with the Bucaramanga segment is well separated (>50 km) from
seismicity occurring within the Cauca segment at similar depths, suggesting little if any direct interaction between
the two seismically active zones. Shallow seismicity above the Bucaramanga segment appears largely limited to
<30 km depth and does not extend west of the volcanic arc, making it easily distinguishable from shallow
seismicity above the Cauca segment.

Finally, cross‐section 8‐8’ (Figure 3d) provides an approximately trench parallel view stitching together the cross‐
sections discussed above. This perspective allows for identification of the extent of the Cauca cluster between
∼3.2°N and ∼5.6°N, the region in which seismicity extends from ∼100 to 125 km depth to the surface. The
marked intersections between this cross‐section and the cross‐sections discussed above also allow for the easy
identification of the southern (centered near 4°N) and northern (centered near 4.8°N) masses of seismicity above
an intense band of seismicity between 4°N and 5.2°N, and somewhat more difficult identification of the central
mass of seismicity (centered slightly north of 4.4°N). The lower limit of seismicity along this cross‐section also
suggests that the planar seismic feature seen in the cross‐sections discussed above is moderately undulatory: it
deepens somewhat gradually from <100 km at the location of the hypothesized Caldas Tear (Vargas &
Mann, 2013; near 5.6°N) to >150 km at the center of the Cauca cluster (∼4°N), before shallowing to ∼125 km
depth south of the cluster near ∼2.8°N, near the location of the proposed Malpelo tear (Idarrága‐García
et al., 2016) and transition to the Ecuador slab segment (Pennington, 1981) influenced by the subducting Carnegie
Ridge (e.g., Gutscher et al., 1999).

Cross comparison of the cross‐sections presented above as well as additional close examination of hypocenter
locations from other orientations allow us to categorize our relocated hypocenters into 11 interpretive groups
shown in Figures 4 and 5. The categorization of individual hypocenters near the edges of some groupings,
especially where the base of supraslab features approach the Nazca plate's Wadati–Benioff zone, is somewhat
ambiguous. We have evaluated these hypocenters on a case‐by‐case basis to ensure they lie closer to hypocenters
that can be unambiguously assigned to a category than to those in neighboring categories. In locations where this
is not possible or in locations where classification is otherwise ambiguous, we assign events to a residual category
of hypocenters we refer to as “scattered” for brevity. See additional discussion on these events below. Coastal to
offshore seismicity (black in Figures 4 and 5) consistently lies well west of other seismicity and at a depth of
<30 km (Figures 4b, 4c, 4d and 5a, 5b, 5c); this likely represents seismicity associated with the shallow meg-
athrust while the inboard gap in seismicity may be associated with the locked megathrust. The dipping plane from
∼50 km depth to >150 km depth (Figures 4 and 5a, 5b, 5c, dark blue) represents the Nazca slab's Wadati–Benioff
zone. In the northernmost part of the study region (Figure 5c), the shallow part of this dipping plane appears to
continue to <20 km depth. This shallow continuation is unlikely to represent Wadati–Benioff zone seismicity and
instead may represent interactions between the megathrust and forearc structures (see Discussion) or potentially
complications related to the Caldas Tear, however distinguishing between these potential features is not possible
with the present data set. The three masses of concentrated seismicity∼perpendicular to theWadati–Benioff zone
(Figures 4c and 5a, 5b; dark red, yellow, and green respectively) are, following Chang et al. (2017), interpreted as
occurring within the non‐convecting mantle wedge corner (see Discussion). The planar feature running from
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Figure 4. Cross‐sections 1‐4 (see Figure 1 for locations) showing interpretation of relocated hypocenters. Red numbers mark ends of lines. Colors of hypocenters
correspond to different features discussed in the text. Relocated earthquake catalog (see Table S2) includes these classifications. Trench (T), Panamá–Chocó Block
suture (S), and Romeral Fault (R) provided to aid in orientation. See text for discussion.
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Figure 5. Cross‐sections 5‐8 (see Figure 1 for locations) showing interpretation of relocated hypocenters. Black numbers 1–7 in panel (d) mark intersection of cross‐
section 8‐8’ with other cross‐sections. All other features as in Figure 4. See text for discussion.
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∼10 km depth near the Panamá–Chocó Block suture to∼80 km depth (see Figures 4b, 4c, 4d, and 5a; cyan), along
with a patchier feature located in a similar position relative to the suture in the north (Figure 5c; cyan), are
interpreted as representing seismicity driven by continued deformation along the Panamá–Chocó Block suture
(see Discussion). Shallow seismicity in the vicinity of the volcano Nevado del Huila (Figure 4b; bright red) can be
directly associated with a known episode of volcanic unrest (Sevicio Geológico Colombiano, 2019a, 2019b)
while seismicity east of the volcanic arc (Figures 4 and 5a, 5b, 5c; orange and gold) can be divided into two
northeast trending features corresponding to transpressional structures within the actively deforming Magdalena
Valley (orange) and Eastern Cordillera (gold; e.g. Taboada et al., 2000; Montes et al., 2005; Mora‐Páez
et al., 2016; Arcila & Muñoz‐Martín, 2020). The northern, concentrated plane of seismicity present at the eastern
edge of our study area between 75 and 125 km depth (Figure 5c, light blue) is interpreted as Wadati–Benioff zone
seismicity within the Bucaramanga segment (Prieto et al., 2012; Syracuse et al., 2016). Remaining seismicity
within the Cauca cluster is largely scattered with little discernible structure at crustal to mantle depths. Two
exceptions to this occur along cross‐sections 2‐2’ (Figure 4b; purple) and 6‐6’ (Figure 5b; purple) near the in-
tersections with cross‐section 8‐8’ (Figure 5d). An elongate, near‐vertical feature stretches from the Nazca
Wadati–Benioff zone to lower crustal depths along 2‐2’ while a more inclined feature runs from uppermost
mantle depths to <20 km depth along 6‐6’. These features lie well west of the volcanic arc and seem to terminate
at depth near the surface trace of the Romeral Fault.

4.2. Spatial Relationship to Terrane Sutures and Volcanic Arc

The supraslab seismicity in the Cauca cluster is contained entirely within the forearc between the Panamá–Chocó
suture and ∼25–50 km east of the volcanic arc front (Figure 6). Seismicity within the subducting Nazca plate
(Figure 6a) begins well east of the trench and extends to just beneath the active volcanic arc. The slab becomes
much less seismically active south of 3°N and seismicity is most intense along a north–south band at 76.25°W
(Figure 6d). Panamá–Chocó Block related seismicity tracks the location of the block's suture (Figure 6b) and may
be divided into two subgroups: a dipping plane to the southwest (Figures 6b and 6d) which terminates just west of

Figure 6. Maps showing association of relocated (a) Nazca slab seismicity, (b) seismicity related to the Panamá–Chocó Block and supraslab masses, and (c) scattered
supraslab seismicity to assorted surficial features. Dashed black line marks location of hypothesized Caldas Tear from Vargas and Mann (2013). Note that LL and RL
are abbreviations for left‐lateral and right‐lateral respectively. (d) Histogram showing relocated seismicity associated with the Cauca cluster as a function of longitude.
Colors in the histogram correspond to the hypocenter colors in maps in a‐c and show the fraction of the corresponding hypocenter types in each bin. Note that the peak in
Nazca slab seismicity corresponds to the location of supraslab masses of seismicity and that the Panamá–Chocó block seismicity is clearly divided into two subgroups
with the western subgroup related to the southern part of the suture and the eastern subgroup related to the eastern part of the suture. See text for discussion.
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the three masses of supraslab seismicity and a more northeastern shallow group. Both subgroups lie away from the
intense north–south band of slab seismicity (Figure 6d). The three masses of seismicity lie directly above this
band (Figures 6b and 6d). Scattered seismicity with no clearly defined internal structure is largely limited to the
area above and east of the three masses of seismicity and the band of intense seismicity (Figures 6c and 6d).

The lateral distance between the supraslab seismicity and the volcanic arc suggests that this seismicity is not
directly related to the migration of volcanic arc fluids. Around 9% of the relocated events lie within the cluster but
above the slab and outside of the other defined, spatially discrete features. These events may represent diffuse
upward movement of fluids from the slab to ∼25 km depth within the overlying crust. Shallow magma chambers
associated with the active arc have previously been imaged at ∼1–∼7 km directly beneath the volcanic edifice
(Londoño & Kumagai, 2018) and low velocities associated with the deeper part of this system at ∼30 km depth
extend no farther west than ∼75.5°W (Londoño, 2016). If this fluid represents magma feeding into the active arc,
it would require near horizontal transport at mid‐crustal depths across the Romeral Fault without magma escaping
up this major strike‐slip fault system. While possible, this seems kinematically unlikely. Instead, this seismicity
may be related to the movement of non‐magmatic fluids similar to those that have been previously identified
>20 km trenchward of other volcanic arcs by magnetotelluric observations (e.g., Costa Rica: Worzewski
et al., 2011; Chile: Cordell et al., 2019; Araya Vargas et al., 2019). Deeper investigation of these possibilities
requires additional data and is beyond the scope of our study.

4.3. Temporal Patterns in Supraslab Seismicity

The earthquakes making up the three masses of seismicity ∼perpendicular to the Nazca slab discussed above
occur across the full ∼decade of observations we use in our study, indicating these are persistent features of the
Cauca cluster. The northern most mass of seismicity may correspond to a comparable mass of seismicity at the
same depth and near the same location evident in the hypocenters obtained from teleseismic observations and
plotted by Pennington (1981). If these events represent the same feature, the northern mass of seismicity has been
persistent since at least the late 1960s. The duration of activity within these features is at least an order of
magnitude longer than other reports of intermediate depth mantle wedge seismicity running from the top of the
subducting Pacific slab to the Izu‐Bonin Arc in 1985–1986 (White et al., 2019; Špičák et al., 2009) and to the
Mariana Arc in 2006–2007 (White et al., 2019). The long duration of activity of the Cauca cluster suggests that
these features could represent an episode or series of episodes of mainshock‐aftershock sequences of seismicity
on smaller‐scale faults, the progressive migration of stress, or the movement of fluids through the area. To test
this, we calculated new hypocenter locations for each supraslab mass covering the full 2010–2019 time period,
then carried out an analysis of each mass (see Supporting Information S1 for details and Table S3 for the catalog
containing the updated hypocenter locations). Initially, we attempted to plot the events' spatiotemporal distri-
bution in each mass, but no clear trend was evident through this qualitative approach (see Figure S6; see also
Figure S7 in Supporting Information S1 which shows no clear mainshock‐aftershock patterns are evident at the
scale of each mass in time‐magnitude plots). To check for more subtle but statistically significant trends, we then
attempted to track the centroid of each feature over time by sequentially binning increments of 20 time‐ordered
hypocenters, calculating their centroid location then advancing the increment by one hypocenter. This results in a
path that moves through the core of each mass, sometime doubling back on itself as seismic activity shifts from
one part of the mass to another. We then calculate 20,000 randomized re‐orderings of the constituent hypocenters
binned in the same way, to calculate 2σ values for the latitude, longitude, and depth of each bin's centroid. This
creates a spheroidal concentration of paths that can be compared to the true, time‐ordered path of each mass's
centroid.We assume that statistically distinguishable from randommovement of activity in each mass occurs only
if the centroid spends <95% of the time steps within the calculated 2σ values in at least one dimension.

We find that statistically distinguishable from random movement of activity in at least one dimension occurs for
each mass, but is most pronounced in the northern mass. The southern mass remains within the 2σ value for 99%
of latitudinal and longitudinal increments and 92% of depth increments. The central mass remains within the 2σ
value for ∼100% of latitudinal and depth increments, but only 89% of longitudinal increments. The northern mass
remains within the 2σ value for only 91% of latitudinal increments, 83% of longitudinal increments, and 82% of
depth increments. We emphasize that these measures effectively test only for the presence of coherent shifts in the
distribution of seismicity within each mass on a scale of <10 km rather than random shifts. Our tests demonstrate
that coherent shifts, statistically distinguishable from random shifts, are present within the cluster on the decadal
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scale. Presumably these shifts occur within sub‐mass scale faults, however resolving progression of events along
these structures is not possible with our present data set.

5. Discussion
5.1. Origin of the Cauca Cluster

Our results show that the Cauca cluster is resolvable into a set of five major features: a band of intense slab
seismicity near 100 km depth within the Nazca plate's Wadati–Benioff zone, three masses of seismicity directly
above this band, and a dipping plane of seismicity running from <10 km depth near the Panamá–Chocó Block
suture to ∼75 km depth in the southeast part of the cluster. The key to understanding the origin of the Cauca
cluster lies with the last of these features.

The spatial relationship between the Nazca plate's Wadati–Benioff zone and the shallow dipping feature could be
interpreted as a double Wadati–Benioff zone, however a number of features make this untenable. Global analysis
of Wadati–Benioff zone seismicity has shown the separation between the two planes of Wadati–Benioff zone
seismicity increases with plate age (Brudzinski et al., 2007; Florez & Prieto, 2019). Separation between the two
planes runs from 5 to 15 km for 10 Myr old plate to 15 to 25 km for 50 Myr old plate, allowing for reported
uncertainties (Brudzinski et al., 2007; Florez & Prieto, 2019). Regional studies suggest that the separation be-
tween these two planes within the Nazca plate tend toward the higher side of these values. Studies of the Nazca
plate at ∼18°S to ∼20°S (Comte et al., 1999; Dorbath et al., 2008; Lu et al., 2021), ∼21°S to ∼23°S (Sippl
et al., 2019), and ∼30°S to ∼33°S (Marot et al., 2013) find that these segments of 35–47 Myr old plate are
consistently associated with twoWadati–Benioff zone planes separated by 20–25 km. In Colombia, the age of the
subducting Nazca plate is <20 Myrs, which would be expected to be associated with a separation of <10 km
between the two seismic planes (Brudzinski et al., 2007; Florez & Prieto, 2019). The separation that we observe
between the dipping feature and the Nazca plate's Wadati–Benioff zone is ∼25 km, well in excess of the expected
separation from global observations and comparable to the separation of double planes seen in Chile in much
older lithosphere. In addition, double planes of Wadati–Benioff zone seismicity consistently converge into a
single feature with increasing depth, in both global studies (Brudzinski et al., 2007; Florez & Prieto, 2019) and in
regional studies investigating the Nazca plate (Dorbath et al., 2008; Lu et al., 2021; Marot et al., 2013; Rietbrock
& Waldhauser, 2004; Sippl et al., 2019). This contrasts with the nearly constant separation between the two
features and abrupt disappearance of the upper feature in Colombia. Finally, the upper feature reaches <10 km
depth within the onshore forearc while prior geophysical studies indicate the forearc's crust is >20 km (Meyer
et al., 1976; Poveda et al., 2015) and the surface of the slab is at 40–50 km depth (Hayes et al., 2018; Meyer
et al., 1976) at the coast, clearly indicating the upper feature lies within the overriding plate's lithosphere and is
unrelated to the Nazca plate while the lower feature lies near the surface of the subducted plate.

We interpret the upper feature running from <10 km depth near the suture of the Panamá–Chocó Block to∼75 km
depth beneath the Colombian cordillera as representing the paleo‐subduction interface of the block and South
America. This location corresponds to the location of the paleo‐triple junction where the subduction zone between
the Farallon/Nazca plate and Caribbean plate intersected the Farallon/Nazca‐South American subduction zone
and the Caribbean‐South American subduction zone around ∼40–45 Ma (Barat et al., 2014; Barbosa‐Espitia
et al., 2019; Buchs et al., 2019; Cardona et al., 2018; Kellogg et al., 2019; Montes et al., 2019). It is also one
of the approximate points of rotation for the eastern part of the Panamá–Chocó Block during the collision and
accretion of the Chocó portion of the block to South America (Barat et al., 2014). This accretion was largely
completed between 17 Ma and 11 Ma (Duque‐Caro, 1990; León et al., 2018; Toussaint & Restrepo, 2020).

The seismicity associated with the suture of this block shifts from a well‐developed dipping feature south of a gap
at 5°N to a more vertical, somewhat amorphous feature north of the gap (compare Figures 4b, 4c, 5a, and 5c). This
corresponds at the surface to the shift from the southwest‐northeast running Garrapatas/Istmina segment of the
suture zone to the north–south running Uramita segment of the suture zone (e.g., Duque‐Caro, 1990; León
et al., 2018; Suárez‐Rodríguez, 2007), indicating these segments have significantly different geometry at depth.
Seismicity beneath the Uramita segment of the suture may be further complicated by the subduction of the Sandra
Ridge and related propagation of the Caldas Tear (Martínez‐Jaramillo & Prieto, 2024; Vargas & Mann, 2013)
which passes beneath the suture near 5.5°N and has significant influence on both slab geometry (e.g., Sun,
Bezada, et al., 2022;Wagner et al., 2017) and surface geomorphology (Pérez‐Consuegra et al., 2021). The modern
subducted portion of the Caribbean plate does not extend south of the Caldas Tear at depths corresponding to our
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observed seismicity (e.g., Kellogg et al., 2019; Sun, Bezada, et al., 2022; Syracuse et al., 2016; Vargas &
Mann, 2013; Wagner et al., 2017). Therefore, we interpret the shallow, dipping plane of seismicity south of
∼5.5°N to mark a∼180 km long subducted segment of the Panamá–Chocó Block that has been detached from the
rest of the Caribbean plate following its collision with South America.

The spatial correspondence of the subducted segment of the Panamá–Chocó Block, the three masses of mantle
wedge seismicity, and north–south band of intense seismicity within the Nazca slab provide a possible expla-
nation for the unusual characteristics of Cauca cluster seismicity. The subducted segment of the block likely
provides material cool enough to support brittle failure while shielding the underlying slab from the hot con-
vecting mantle wedge, supporting greater seismicity in the Nazca slab than in the region immediately to the south.
While we are aware of no other documented examples of this precise process, it may be conceptualized as
analogous to what occurs at a trench‐trench‐trench triple junction. Thermal models of the trench‐trench‐trench
Boso‐Oki Triple Junction where the Pacific plate subducts beneath the Philippine Sea plate and the North
America plate have shown that an overlying section of the Philippine Sea slab may prevent warming of the
underlying Pacific slab, depressing isotherms and permitting seismicity to extend to greater depths than would be
possible in the absence of the overlying slab (Ji et al., 2017). Mantle flow within the mantle wedge corner may
also be significantly impacted by the presence of an overlying segment of slab (Ji et al., 2017), potentially
reducing return flow within the mantle wedge corner and further cooling it (e.g., Schurr & Rietbrock, 2004). The
significant complexity in shear‐wave anisotropy observed beneath Cauca and adjacent regions (Idárraga‐García
et al., 2016; Porritt et al., 2014) reflects complex mantle flow, however any effects of the overlying Panamá–
Chocó Block lithosphere cannot be clearly separated from effects attributed to the Caldas Tear (Idárraga‐Gar-
cía, 2016; Porritt et al., 2014) or additional complexities to the south (Idárraga‐García, 2016).

This interpretation suggests that the thermal structure of the region containing the Cauca cluster differs signif-
icantly from neighboring regions. Heat flow and geothermal gradient measurements for the region are very sparse
(e.g., Hamza et al., 2005; Vargas et al., 2015), however the limited direct measurements in the region and esti-
mates from Curie point depths indicate that the geothermal gradient in the intermontane basin overlying the Cauca
cluster is low and comparable to the gradient of the coastal forearc basin to the southwest (Vargas et al., 2015),
suggesting a relatively cold thermal structure. Indirect evidence supporting a relatively cold lithospheric structure
is also provided by seismic data covering the region. An ambient noise derived S‐wave tomography model for the
upper to middle crust in the region (Poveda et al., 2018) shows that the mid‐crust above the Cauca cluster is
somewhat faster than the mid‐crust of the active arc segments to the north and south. A coda attenuation to-
mography model to a depth of ∼100 km for the region (Vargas et al., 2019) shows that the crust and lithospheric
mantle above and containing the Cauca cluster has lower seismic attenuation than neighboring regions. Both data
sets are sensitive to temperature and the presence of fluid or melt, with higher S‐wave velocities and lower
attenuation being associated with lower temperatures and decreased amounts of fluid or melt. Taken together,
these lines of evidence suggest the Cauca cluster region's lithosphere is cooler than neighboring regions.

The magmatic history of the region suggests that the Cauca region has had a cooler lithosphere little affected by
arc magmatism since ∼30–40 Ma. Cretaceous to early Eocene granitoid rocks exposed within the Cordillera
Central south of ∼7°N and extending into Ecuador (see compilations in Lara et al., 2018; Barbosa‐Espitia
et al., 2019; Leal‐Mejía et al., 2019; Montes et al., 2019; George et al., 2021; Rodriguez‐Corcho et al., 2022)
indicate that the Colombian volcanic arc throughout our study area was continuous prior to interactions with the
Panamá–Chocó Block. This contrasts with the subsequent evolution of the arc.

In the mid‐to‐late Eocene, the southern segment of the Colombian volcanic arc south of ∼3°N remained active
while the segment to the north became inactive (Barbosa‐Espitia et al., 2019; Montes et al., 2019; George
et al., 2021; see also compilations in Leal‐Mejía et al., 2019; Rodriguez‐Corcho et al., 2022). Cessation of all arc
volcanism in Colombia occurs between ∼24 and ∼40 Ma (e.g., Kellogg et al., 2019; Leal‐Mejía et al., 2019;
Montes et al., 2019; Rodriguez‐Corcho et al., 2022), which may be due to complications from the subduction of
the overthickened oceanic crust of the Caribbean plate (e.g., Bayona et al., 2012; Kellogg et al., 2019; Taboada
et al., 2000) or from a switch to a transpressional regime between the Caribbean and South American plates (e.g.,
Bayona et al., 2012; Montes et al., 2019). We additionally note that the period between ∼28 and ∼40 Ma cor-
responds to a period of time of highly oblique convergence (∼45°–∼50°, assuming the ∼20° NE‐SW trend of the
Colombian Andes reflects the approximate orientation of the paleo trench) between the Farallon/Nazca and South
American plates (Somoza & Ghidella, 2012). High convergence obliquity, especially obliquity >40°, has been
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suggested to significantly decrease arc volcanism (Hughes & Mahood, 2008; Rosenbaum et al., 2021; Sheldrake
et al., 2020), and this may help to explain the lack of arc volcanism south of the Caribbean‐Farallon/Nazca‐South
American triple junction.

Resumption of extensive arc volcanism to the north and south of the Colombian margin begins at ∼24 Ma (see
compilations in Kellogg et al., 2019; Leal‐Mejía et al., 2019; Rodriguez‐Corcho et al., 2022), approximately
corresponding to the breakup of the Farallon plate into the Nazca and Cocos plates (e.g., Echeverri et al., 2015;
Lonsdale, 2005; Meschede & Barckhausen, 2000) and a significant decrease in subduction obliquity between the
Nazca and South American plates (e.g., Echeverri et al., 2015; Somoza & Ghidella, 2012). In contrast to the
continuous pre‐40 Ma volcanic arc, the post‐24 Ma to present volcanic arc is characterized by a lack of arc
volcanism within the Cauca region (e.g., compilations in Kellogg et al., 2019; Rodriguez‐Corcho et al., 2022;
Wagner et al., 2017). This persistent shift in behavior following the initial interaction of the Panamá–Chocó Block
with the margin suggests that the convecting mantle wedge has been displaced from the Cauca region by the
subducted continuation of the block beneath the region.

Termination of subduction has previously been shown to result in fragments of down‐going plates remaining
attached to and laterally displaced along with unsubducted portions of plates. The best documented examples
occur with fragments of the Farallon slab partially subducted beneath the North America plate in Baja California
(e.g., Paulssen & de Vos, 2017; Wang et al., 2013) and central California (e.g., Dougherty et al., 2021; Jiang
et al., 2018; Wang et al., 2013). In these locations, the subduction of the Pacific‐Farallon spreading ridge resulted
in both termination of subduction and incorporation of microplate fragments of the Farallon into the Pacific plate.
In Baja California, the microplate fragment and attached small piece of subducted slab extends from the surface to
between 115 and 135 km depth (Paulssen & de Vos, 2017; Wang et al., 2013). In central California, the piece of
slab extends to between 150 and 200 km depth (Jiang et al., 2018; Wang et al., 2013). Both of these Farallon
fragments extend to a depth comparable to the inferred end of the subducted continuation of the Panamá–Chocó
Block at ∼125 km depth. Both of the Farallon fragments have also survived for a prolonged period of time in
geodynamically active settings without detachment or incorporation into the convecting mantle. The microplate
associated with the Baja California fragment was emplaced when subduction ceased ∼12 Ma and has since
survived ∼300 km of displacement during the opening of the Gulf of California (e.g., Atwater & Stock, 1998).
The microplate associated with the central California fragment was emplaced ∼18 to ∼20 Ma (Atwater &
Stock, 1998; Dougherty et al., 2021; Nicholson et al., 1994; Wang et al., 2013) and the fragment itself extends
eastward across the San Andreas fault (Dougherty et al., 2021; Jiang et al., 2018;Wang et al., 2013), requiring it to
have survived the 820 ± 50 km of rotational and translational displacement experienced subsequently by the
attached microplate (Nicholson et al., 1994). The subducted segment of the Panamá–Chocó Block has survived up
to 20 Myrs longer than either of the North American examples, however numerical modeling has shown that
shorter and colder slab fragments may persist for a longer time within the mantle before detachment (Burkett &
Gurnis, 2013; Thielmann & Schmalhoz, 2020). Given that the base of the Panamá–Chocó Block's subducted
segment is in direct contact with the subducting Nazca plate, we would expect the segment to be significantly
colder than slab fragments exposed at their base to the convecting mantle. A colder temperature within the
Panamá–Chocó Block's subducted segment than within the North American slab fragments may also in part
explain why the block's segment is seismically active while the North American examples are aseismic. The post‐
accretion displacements experienced by the Panamá–Chocó Block along the Uramita and Garrapatas/Istmina
Sutures are poorly constrained, however these displacements must be less than ∼500 and ∼300 km, the lengths of
these sutures respectively. This displacement is comparable to or significantly less than that experienced by the
North American examples.

Given the above points, we present our preferred structural interpretation for the Cauca cluster and adjacent parts
of the Colombian subduction zone (Figure 7). While our interpretation is broadly similar to the structures pro-
posed by Taboada et al. (2000) and Bayona et al. (2012) north of our study area beyond the Caldas Tear, we
emphasize that the patterns of seismicity in the Cauca region differ greatly from the largely aseismic slab or slabs
present to the north and that our interpretation does not necessarily imply continuity between the subducted part of
the Panamá–Chocó Block and other Caribbean plate material. South of the cluster (Figure 7a), no significant part
of the Panamá–Chocó Block extends into the mantle and the convecting mantle wedge is unobstructed, allowing
arc volcanism and a normal forearc thermal structure. Within the cluster (Figure 7b), the extension of the Panamá–
Chocó Block lies directly above the subducting Nazca plate. This displaces the convecting mantle wedge, dis-
rupting mantle wedge corner flow which may already be reduced in this location due to high convergence
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obliquity (Rosenbaum et al., 2021) and producing a gap in the Colombian volcanic arc. The presence of the block
thus significantly disrupts the forearc thermal structure, keeping the slab cooler to a greater depth than in the south
and providing cold material for seismicity to occur within and above the slab. Near the downdip edge of the block
temperatures are likely to rapidly increase, possibly promoting dehydration of the slab and the release of slab
fluids in the north–south trending band of intense seismicity within the slab (Figure 6d). These fluids would then
rise into the overlying block. Near the warmer downdip edge of the block, the fluids would encounter lithosphere
too hot to stabilize antigorite (>∼600°C–650°C at the depths of interest (Hacker, Abers, & Peacock, 2003;
Reynard, 2013)), permitting the fluids to persist as a free phase and drive or enhance seismicity as discussed in the
next section. Fluids released from the slab closer to the trench or continuing to rise above the masses of seismicity
within the Cauca cluster would encounter lithosphere sufficiently cool to stabilize antigorite and some fraction of
the fluids could be consumed to form this mineral. Any deformation within the region with stable antigorite would
likely occur through an aseismic or slow‐slip mechanism (e.g., Burdette & Hirth, 2022; Ferrand et al., 2017;
French et al., 2019; Gasc et al., 2017; Goswami & Barbot, 2018; Okazaki & Katayama, 2015) which would be
undetectable with our data set.

5.2. Implications for Causes of Intermediate Depth Seismicity

The occurrence of Cauca cluster seismicity within the cold lithosphere of the subducted continuation of the
Panamá–Chocó Block at intermediate (>70 km) depth provides unique constraints on viable mechanisms of
intermediate depth seismicity. As the continuation of the block has been largely stationary for at least the last ∼12
million years and potentially the last ∼40 million years (see above discussion), neither dehydration embrittlement
(e.g., Hacker, Peacock, et al., 2003; Jung & Green, 2004; Peacock, 2001) nor dehydration‐driven stress transfer
(e.g., Ferrand et al., 2017; Kita & Ferrand, 2018) can be invoked as likely causes for seismicity. Both of these

Figure 7. Block model interpretation of the region south of the Cauca cluster corresponding to cross‐section line 1‐1’ (Figures 2a and 4a), and the southern portion of the
Cauca cluster corresponding to cross‐section line 3‐3’ (Figures 2c and 4c). Red dashed lines mark locations of areas of slab and key supraslab seismicity from Figures 4a
and 4c. Blocks represent lithosphere‐scale units of overriding plate and the slab. We assign a westward vergence to the Panamá–Chocó suture based on the observed
dipping plane of seismicity in our results (consistent with Colmenares et al., 2019's much shallower structures along this suture). We follow Cediel et al. (2003) and
Colmenares et al. (2019) in assigning a westward vergence to the suture between the accreted oceanic terranes and continental South America, however this geometry is
uncertain and an eastward verging suture is possible (e.g., Bourgois et al., 1982; Kellogg & Vega, 1995). Approximate Mohorovičić discontinuity depths (black line
separating lighter crust and darker lithospheric mantle in cross‐sections) are after Poveda et al. (2015) and South American lithosphere‐asthenosphere boundary is after
Blanco et al. (2017). See text for discussion.
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mechanisms require the breakdown of hydrous mineral phases in the source region of intermediate depth
earthquakes and cannot recur along the same fault segment repeatedly. Examination of slab seismicity within the
Cauca cluster allows us to estimate the approximate time any hydrated material within the subducted continuation
of the Panamá–Chocó Block should have taken to fully dehydrate. Dehydration reactions relevant for a subducted
oceanic plate are largely insensitive to pressure (Hacker, Abers, & Peacock, 2003), and for a given depth in the
Cauca cluster, the slab will be colder than the subducted segment of the block. This means that if dehydration is
assumed to be responsible for the observed seismicity in the Cauca cluster, any depth at which the slab is seis-
mically active exists under pressure‐temperature conditions in which hydrous minerals are unstable and that the
Panamá–Chocó Block at the same depth will also exist under unstable conditions. The time taken by a segment of
the slab to move from the depth at which slab seismicity begins (∼50 km) to the depth at which slab seismicity
ends (∼150 km) thus provides an approximate estimate of how much time the block would require to dehydrate.
Given an observed slab dip between ∼35° and ∼40° and a convergence rate of 6.0 cm/yr, dehydration within the
slab takes between 2.6 and 2.9 Myrs. If dehydration reactions were directly responsible for Cauca cluster seis-
micity, dehydration would have run to completion long before the present.

Three alternate possibilities for the causes of Cauca cluster supraslab seismicity are viable given the configuration
of the slab and overlying Panamá–Chocó Block. (a) Supraslab seismicity may be driven by fluids rising from the
slab into a part of the overlying block, encouraging hydrofracture within partially serpentinized mantle at a
temperature near the stability limit of antigorite or within likely metasomatized mantle at a temperature beyond
the stability limit of antigorite but below temperatures at which basaltic melt can be generated by the interaction of
slab fluids and mantle material. (b) Supraslab seismicity occurs within the unusually cold cores of incipient
subducted sediment diapirs detaching from the subduction channel as it moves out from beneath the cold and
therefore highly viscous lithosphere of the subducted Panamá–Chocó Block into the less viscous convecting
mantle wedge. (c) Supraslab seismicity may be driven by focusing of deformation within a relatively restricted
area at the downdip edge of the block driven by coupling with the convecting mantle wedge, analogous to slab
necking. This localization of deformation may encourage thermal shear instability.

5.2.1. Seismicity Driven by Hydrofracture?

Hydrofracture has previously been proposed both as a possible means of fluid movement within the mantle (e.g.,
Nicolas, 1986; Dahm, 2000; and see review by Kohlstedt & Holtzman, 2009) and as a possible explanation for at
least some intermediate depth seismicity (e.g., Davies, 1999; White et al., 2019), however both the general lack of
reported seismicity within mantle wedges at intermediate depth and theoretical considerations (e.g., Kelemen
et al., 1997; and review by Kohlstedt & Holtzman, 2009) make explanations relying on this mechanism prob-
lematic. The unique and extensive presence of supraslab, mantle wedge seismicity in the Cauca cluster has
previously been suggested to be driven by hydrofracture (Chang et al., 2017; Chang et al., 2019) and here we
provide a more developed explanation of why this mechanism is viable for the cluster in contrast to other mantle
wedge settings.

We begin by examining the equation describing hydrofracture (following Daines & Pec, 2015):

Ts ≤ (ρs–ρf ) gδc (1)

here Ts is the tensile strength of the mantle rock hosting the fluid, ρs is the density of this mantle rock, ρf is the
density of the fluid, g acceleration due to gravity, and δc is the compaction length. For hydrofracture to occur, Ts
must be less than or equal to the combined effects of a fluid's buoyancy relative to the mantle and compaction
length, a parameter reflecting the combined material properties of the fluid and its matrix which represents the
characteristic length over which compaction rate decreases an arbitrary amount (McKenzie, 1984). For a mantle
rock, Ts is on the order of ≥50 MPa (Kelemen et al., 1997).

Examining buoyancy first, we assume that mantle rock has a density of 3,300 kg/m3. Between 2 and 3 GPa
(equivalent to ∼70 and ∼105 km depth), hydrous basaltic and andesitic melts range in density from ∼2,500 to
∼2,800 kg/m3, anhydrous basaltic and andesitic melts range from ∼2,700 to 3,000 kg/m3 (Ueki & Iwa-
mori, 2016), and slab derived aqueous fluids range from ∼1,200 to 1,300 kg/m3 (Hack & Thompson, 2011;
Manning, 2004; Manning & Frezzotti, 2020). This yields a density contrast of 300 to 1,000 kg/m3 for silicic melts
relative to the mantle and 2,000 to 2,100 kg/m3 for aqueous fluids relative to the mantle. These values require that
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the compaction length be at least between 2.4 and 2.5 km for aqueous fluids, between 6.4 and 10 km for hydrous
silicic melts, and between 8.5 and 17 km for anhydrous melts in order to induce hydrofracture. The generally
much lower values of compaction length here compared to the value of 10 km calculated by Kelemen et al. (1997)
for a spreading ridge or hot spot setting highlight the critical role that water plays in a subduction setting in
rendering hydrofracture a viable cause of mantle wedge seismicity.

The importance of water is further highlighted when compaction length itself is examined. Compaction length, δc,
is described in terms of the effective bulk viscosity ζ, effective shear viscosity η, the viscosity of the fluid μ, and
permeability K by the following equation (Daines & Pec, 2015):

δc = [((ζ + (4/3)η)/μ)K]1/2 (2)

Empirical measurement and numerical modeling (see compilation in Hack & Thompson, 2011 and references
therein) have constrained the viscosity of aqueous slab fluids to be ∼10− 4 Pa s (Hack & Thompson, 2011;
Manning & Frezzotti, 2020) and the viscosity of hydrous melts to be between ∼101 and ∼102 Pa s (Hack &
Thompson, 2011) for the relevant range of pressures. Other parameters determining compaction length are less
constrained and require additional assumptions.

Effective bulk and shear viscosities of a melt‐bearing material are dependent on the composition of the material,
grain size of the material, its temperature, and the amount of melt present (e.g., Kelemen et al., 1997; Schmeling
et al., 2012; Takei & Holtzman, 2009). We simplify this by assuming the composition, grain size, and temperature
of the material an aqueous fluid and hydrous melt move through are identical. As the process of hydrofracture will
occur where fluid fractions are around a few (<10) precent and permit the escape of excess fluid (Reynard
et al., 2011; Richard et al., 2007), we may further assume that the effective viscosities and permeability of the
material are a function of the dihedral angle of the fluid and any mineral phases present (on dihedral angle and
effective viscosities see Takei (1998), Schmeling et al. (2012); on dihedral angle and permeability see von Bargen
and Waff (1986), Wark et al. (2003)). A maximum dihedral angle of <60° is necessary to form an interconnected
network of fluid within a matrix of mineral grains (e.g., Daines & Pec, 2015; Holness, 1997) and smaller dihedral
angles result in both lower effective bulk and lower effective shear viscosities (Schmeling et al., 2012;
Takei, 1998). Dihedral angles for the olivine‐orthopyroxene‐melt system at 1.5–2.5 GPa average between ∼20°
and ∼40° (Fujii et al., 1986; von Bargen & Waff, 1988). Dihedral angles for the comparable olivine‐
orthopyroxene‐CO2 and NaCl bearing H2O system (a fluid composition similar to that of slab derived fluids,
see Manning, 2004) at similar pressures range from ∼40° to ∼55° (Huang et al., 2020).

These dihedral angle values may be used to determine the approximate, relative effective viscosities and
permeability of the two fluid bearing systems. For 3%–5% fluid fraction, the relative effective bulk viscosity
differs by at most 101 while the relative effective shear viscosity differs by around 100 (Schmeling et al., 2012).
For the same range of fluid fraction, permeabilities for the two ranges of dihedral angle are nearly identical (Wark
et al., 2003).

We exploit these relative effective viscosities and the permeability to define a ratio for the compaction length of
the two fluids:

δca/δcm = [(34/3)/μa]
1/2
/[(7/3)/μm]

1/2
(3)

where δca and μa are the compaction length and fluid viscosity for the aqueous fluid case, respectively, and δcm
and μm are the equivalent for the melt case. Substituting the fluid viscosities mentioned above for the two cases
yields an aqueous fluid compaction length equivalent to between ∼700 and ∼2,200 times the compaction length
of the hydrous melt.

The 102 to 103 times greater compaction length for aqueous slab fluids than for hydrous silicic melt make
hydrofracture much more likely for any composition or temperature of the surrounding rock, so long as the
temperature is below the rock's wet solidus. As lower temperatures increase the effective viscosity and
compaction length of a material (Kelemen et al., 1997), rock in which slab fluids are stable would tend to further
promote hydrofracture relative to rock in which melts are stable. We note here that the reported dihedral angles for
antigorite and aqueous fluid are ∼52° (Wang et al., 2017) and that its viscosity is ∼4 × 1019 Pa s (Hilairet
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et al., 2007) which is comparable to the viscosity of a water‐saturated, unserpentinized olivine (Dixon
et al., 2004). Comparative study of harzburgite and dunite compositions deformed under the same geologic
conditions has further shown that increasing the amount of orthopyroxene in a peridotite causes a less than 101

increase in the viscosity of the peridotite (Hansen & Warren, 2015). These characteristics indicate hydrofracture
due to aqueous fluids within cool material like that of the subducted Panamá–Chocó Block is much more likely
than hydrofracture due to melt within a typical mantle wedge setting, regardless of the block's degree of ser-
pentinization or metasomatism.

If hydrofracture is the cause of supraslab seismicity within the Cauca cluster, the long‐term flux of fluid through
the material overlying the slab may lead to compositional changes within the material hosting the cluster.
Assuming the majority of this material was originally a peridotite, prolonged interaction with fluids would result
in compositions ranging from those dominated by antigorite if the fluid is silica‐free and the temperature is below
<650°C to those dominated by a combination of enstatite, quartz, and possibly a significant amount of talc if the
fluid is silica‐bearing and temperatures >650°C (Peacock & Wang, 2021). While serpentine minerals like
antigorite have generally been shown to deform aseismically (e.g., Chernak & Hirth, 2010; Hilairet et al., 2007),
recent experimental observations have shown that localized, semi‐brittle deformation and related breakdown is
possible in antigorite even under pressures and temperatures where the mineral is nominally stable near its high
temperature stability limit (∼500°C–650°C, see e.g., Gasc et al., 2017; French et al., 2019; though strain rate may
also be important, see Burdette and Hirth (2022)). Continued fluid flux through the material could then re‐
serpentinize this material, in contrast to the dehydration conditions described above in Section 5.2. This sug-
gests that we cannot exclude the antigorite endmember from acting as a possible host for Cauca cluster seismicity.

Future observations of the earthquake source characteristics and the material properties of the source region are
necessary to test for hydrofracture. While prior work (e.g., Chang et al., 2019) has examined focal mechanisms in
the cluster, no effort was made to constrain the degree of volumetric change associated with these events.
Observation of volumetric change would be strong support for the hydrofracture explanations. Less direct evi-
dence could also be obtained by calculating the P‐wave velocities, the S‐wave velocities, and the Vp/Vs ratio for
the material encompassing the supraslab earthquakes (see Table 1). While anisotropy may complicate these
values (e.g., Hacker & Abers, 2012; Peng et al., 2022), Table 1 illustrates how both a hydrous antigorite end-
member and silica‐enriched endmember may be clearly distinguished with these three parameters. Existing
receiver function results for the Cauca region are too coarse to image features on the scale of the supraslab masses
of seismicity we observe, however the weak velocity contrast across the continental Mohorovičić discontinuity
overlying the region (Mojica Boada et al., 2022) is potentially consistent with the low S‐wave velocities

Table 1
Isotropic Seismic Properties of Materials Potentially Hosting Cauca Supraslab Seismicity at 3 GPa

Material P‐wave velocity (km/s) S‐wave velocity (km/s) Vp/Vs ratio Reference

Olivine‐Rich Peridotite ∼7.65–8.2 ∼4.3–4.65 ∼1.76–1.78 Hacker and Abers (2012)

Antigorite ∼6.26–6.5 ∼3.3 ∼1.9 Wang et al. (2019)

Orthopyroxene ∼7.3–8.0 ∼4.3–4.7 ∼1.70–1.72 Hacker and Abers (2012)

Coesite ∼8.0 ∼4.6 ∼1.75 Abers and Hacker (2016)

α‐Quartz ∼5.3–6.2 ∼3.7–4.0 ∼1.43–1.55 Abers and Hacker (2016)

β‐Quartz ∼6.4–7.3 ∼4.0–4.2 ∼1.59–1.76 Abers and Hacker (2016)

Talc ∼6.95 ∼4.0 ∼1.74 Peng et al. (2022)

Chlorite ∼5.0–6.0 ∼2.4–2.6 ∼2.15–2.37 Manthilake et al. (2021)

Serpentine‐Dominated Mélange ∼6.2–7.1 ∼3.5–4.0 ∼1.78–1.80 Codillo et al. (2018) a; Abers and Hacker (2016)

Sediment‐Dominated Mélange ∼7.6–7.9 ∼4.2–4.5 ∼1.76–1.79 Codillo et al. (2018) a; Abers and Hacker (2016)

Limestone (Aragonite) ∼6.7 ∼3.5 ∼1.9 Sun, Li, et al. (2022)

Jadeite ∼8.86 ∼5.12 ∼1.73 Hao et al. (2020)
aModal mineralogy wt. % for serpentine‐ and sediment‐dominated mélange from Codillo et al. (2018) were approximated to the closest equivalents available in Abers
and Hacker (2016) model, reported values represent high and low extremes obtained using 500°C–1100°C temperature range and endmembers for minerals with
solid‐solution series.
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associated with antigorite, α‐quartz or talc. Hydrofracture in a variety of other settings has been associated with
unusually low Vp/Vs ratio values that cannot be easily explained by rock composition alone (e.g., Chatterjee
et al., 1985; Huesca‐Pérez et al., 2021; Lin & Shearer, 2009; Tan et al., 2020), which may relate to the presence of
water‐filled cracks with large aspect ratios in hydrofracture settings (see discussion in Shearer, 1988; Lin &
Shearer, 2009 as well as Takei, 2002), and as such extremely low Vp/Vs ratio values may not rule out a
hydrofracture explanation.

5.2.2. Seismicity Driven by Deformation at the Core of Sediment Diapirs?

Subduction mélange, a mix of subducted sediments, fragments of slab oceanic crust, and hydrated mantle ma-
terial, play an important role in subduction zone processes (e.g., Behr & Bürgmann, 2021). At > ∼ 50 km depth
mélange represents a cold, buoyant material with respect to the overlying mantle which may be capable of
forming cold diapirs that rise from the subducting slab and ultimately feed arc volcanism (e.g., Cruz‐Uribe
et al., 2018; Klein & Behn, 2021; Marschall & Schumacher, 2012). Recent petrologic studies of the northern
segment of the Colombian volcanic arc, immediately convergence‐ward of the Cauca cluster, have suggested that
mélange diapirs may be present in the region at ∼80–120 km depth (Errázuriz‐Henao et al., 2019; Errázuriz‐
Henao et al., 2021). The correspondence in depth between these proposed mélange diapirs and the masses of
seismicity we observe extending from the slab, as well as similarities in the geometry of this seismicity and the
geometry of numerically modeled cold diapirs (e.g., Ghosh et al., 2020; Zhu et al., 2009) suggests that these
masses of seismicity could occur within cold diapirs.

Mélange diapirs have been suggested to be a process operating at many subduction zones (e.g., Codillo
et al., 2018; Cruz‐Uribe et al., 2018; Marschall & Schumacher, 2012; Nielsen &Marschall, 2017), and the lack of
supraslab seismicity comparable to that observed in Colombia at other locations suggests that an unusual process
is operating in the Cauca region. Numerical modeling has indicated that both the temperature of the mélange and
the ratio of the viscosities of the mélange and the overlying mantle are important factors in diapir formation (Klein
& Behn, 2021; Miller & Behn, 2012). Material within the subduction channel which passes beyond the downdip
edge of the subducted portion of the Panamá–Chocó Block would be exposed to a rapid increase in temperature
and a rapid decrease in the viscosity of the overlying mantle wedge. Both changes are associated with diapir
formation (Miller & Behn, 2012), and these sudden shifts near the end of the block may act to focus diapir
formation in this location. Seismicity associated with a mélange diapir is likely to be greatest during its formation
rather than after it has detached from the slab as this will be when its core is both at its coldest (as low as 500–700°
C; Miller & Behn, 2012 and see temperature evolution in Zhang et al., 2020) and experiencing a high strain rate.
This temperature range corresponds to the 500–700°C window for jadeitite formation and associated hydro-
fracture proposed by Angiboust et al. (2021) to explain instances of supraslab mantle wedge seismicity observed
at up to ∼50 km depth (e.g., Davey & Ristau, 2011; Halpaap et al., 2019; Laigle et al., 2013; Nakajima &
Uchida, 2018). We note here that experimental measurement of clinopyroxene(jadeite)‐clinopyroxene(jadeite)‐
aqueous fluid dihedral angles for the relevant range of temperatures and pressures is well above the 60° cutoff for
the formation of an interconnected fluid network (Mibe et al., 2003) that allows hydrofracture (see Section 5.2.1),
which argues against the viability of this mechanism without significant decreases in dihedral angle like those
observed for other minerals with multicomponent fluids (e.g., H2O‐CO2 or H2O‐CO2‐NaCl fluids for olivine/
orthopyroxene in Huang et al., 2020). Assuming this objection can be overcome, jadeitite formation would be a
good candidate for hydrofracture within a diapir. Jadeitite makes up a significant portion of exhumed subduction
zone mélange material (e.g., Harlow et al., 2015; Marschall & Schumacher, 2012) and its mechanism of formation
is tied to processes within mélange material or to ultramafic material adjacent to mélange material (see Angiboust
et al., 2021 and reviews by Harlow et al., 2015; Harlow & Sorensen, 2005). Jadeitite incorporated into or formed
within unusually cold cores of mélange diapirs may explain supraslab seismicity in the Cauca cluster, making this
seismicity directly analogous to the shallower mantle wedge seismicity in Angiboust et al.’s (2021) model.

The composition of a subduction zone mélange diapir at ∼100 km depth is likely to be complicated. The presence
of seismicity would suggest a significant jadeitite component is present, and buoyancy considerations suggest that
little to no high‐density slab derived basalt (eclogite) would be present. Identifiable rock bodies in mélange
exposed at the surface often include a significant amount of near monomineralic chlorite schist (Marschall &
Schumacher, 2012), and petrologic high pressure experiments have demonstrated that chlorite in mélange can be
stable up to 650–850°C at 2–3 GPa (Lakey & Hermann, 2022) depending on the amount of magnesium incor-
porated, indicating it may also form a significant component of mélange diapir cores prior to their dehydration. In
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Colombia, evidence for significant carbonate sediment subduction has been detected in volcanic material hy-
pothesized to derive frommélange material (Errázuriz‐Henao et al., 2019), which at our depth of interest would be
represented by aragonite (Zhao et al., 2019). We assume that the non‐carbonate component of the subducted
sediment in Colombia is broadly comparable to the sediment‐dominated or serpentinite‐dominated mélange
analyzed by Codillo et al. (2018).

As this explanation can be considered amechanically identical but geologically distinct variation of themechanism
outlined in Section 5.2.1, we focus here on observations that would distinguish hydrofracture within subduction
mélange diapirs from hydrofracture within the altered forearc mantle materials discussed above. P‐wave, S‐wave,
and Vp/Vs ratio (Table 1) values for serpentine, aragonite, or chlorite dominated mélange compositions may be
largely indistinguishable from a partially serpentinized mantle wedge, though a composition extremely rich in
chlorite would be distinct. If the intense seismicity observed in the Cauca cluster is associated with the formation of
jadeitite, distinctively high values of P‐wave and S‐wave velocities with moderate Vp/Vs ratio values should be
observed. Extensive deformation should occur during formation of a diapir, and given the high degree of seismic
anisotropy possible in chlorite (Manthilake et al., 2021), antigorite (e.g., Hacker&Abers, 2012;Wang et al., 2019),
and jadeite (Hao et al., 2020) this deformation should result in extreme anisotropy along seismic ray paths passing
through the supraslab clusters of seismicity relative to adjacent regions. This is likely to contrast with the
hydrofracture mechanism outlined in 5.2.1 where little to no significant movement of rock material is required.
While more observations are needed, the two stations in the SGC array that sit nearly on top of the northern and
southern supraslab clusters of seismicity show evidence of less supraslab anisotropy than stations located well
south of the Cauca cluster (Idárraga‐García et al., 2016), inconsistent with mélange diapir model's predictions.

5.2.3. Seismicity Driven by Strain Localization and Thermal Shear Instability?

Downdip of the megathrust and updip of the convecting mantle wedge, the interface between subducting slab and
overriding forearc is believed to be decoupled due to changes in the relative strength of minerals in the subduction
channel and overlying mantle controlled at least in part by temperature (e.g., Wada et al., 2008; Wada &
Wang, 2009; Syracuse et al., 2010; Tan, 2017; Arcay, 2017; Agard et al., 2020; though see review by Abers
et al., 2020 for a contrasting view). Increase in temperature as the slab approaches the convecting mantle wedge
would both weaken the overlying mantle material (e.g., Wada & Wang, 2009; Wada et al., 2008) and trigger
changes in the mineral phases that decouple the slab from overlying material (e.g., Agard et al., 2020;
Arcay, 2017). This would allow the slab and overlying material to couple, driving corner flow and entraining
mantle material with the downgoing slab (e.g., Agard et al., 2020; Wada et al., 2008). In most mature subduction
zones, the point of coupling stabilizes at ∼80–100 km depth, however in the Cauca region the presence of the
subducted portion of the Panamá–Chocó Block may have cooled the subduction zone enough to push this point
deeper. Gradual heating at the block's downdip edge may allow this point to migrate trenchward over time,
allowing coupling between the downdip edge and the underlying slab. If so, a rapid increase in stress along the
block's base would occur at this coupling point, promoting strain within both the overlying block and underlying
slab. This may lead to progressive necking, detachment, and entrainment of the block's downdip edge, the first
phase of which may be partially expressed in our observed supraslab seismicity.

Necking of material is a fundamentally ductile process, however ductile deformation within rock at ultra‐high
pressure conditions is capable of being localized by thermal shear runaway into very narrow shear zones. This
has been identified as a potential cause of seismicity in petrophysical modeling (Hobbs & Ord, 1988; John
et al., 2009; Kelemen &Hirth, 2007; Ogawa, 1987; Thielmann et al., 2015), high pressure laboratory studies (e.g.,
Ohuchi et al., 2017), and studies of pseudotachylyte in exhumed material (e.g., Andersen et al., 2008; Deseta
et al., 2014; John et al., 2009). Areas of intense, intermediate depth seismicity geologically and geodynamically
associated with the termination of subduction and slab detachment are frequently linked to thermal shear runaway
during slab necking and detachment (see examples from the Hindu Kush: Lister et al., 2008; Poli, Prieto, Rivera,
& Ruiz, 2016; Zhan & Kanamori, 2016; Kufner et al., 2021; Vrancea/Carpathians: Ismail‐Zadeh et al., 2012; and
Gibraltar Strait: Sun & Bezada, 2019).

If thermal shear runaway is responsible for the Cauca cluster's supraslab seismicity, it should be readily distin-
guishable from hydrofacture within metasomatized mantle material or subduction mélange diapirs discussed in
Sections 5.2.1 and 5.2.2. No significant volumetric change should be observable in focal mechanisms calculated
for the events, and they would likely occur within typical mantle peridotite rather than within material with
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unusual seismic velocity characteristics (compare values for olivine‐rich peridotite with other entries in Table 1).
High stress drop or significant changes in dynamic stress, low radiation efficiency, and slow rupture velocities,
would also be expected for earthquakes generated by thermal shear runaway, as has been reported in other settings
where the mechanism is believed to operate (e.g., Prieto et al., 2013; Poli, Prieto, Rivera, & Ruiz, 2016; Poli,
Prieto, Yu, et al., 2016; Prieto et al., 2017; Mirwald et al., 2019)—which would not be expected for other
mechanisms.

6. Conclusions
The relocation of 6,722 earthquakes within Colombia's Cauca cluster and adjacent regions exhibits 10 km‐scale
structures within the mantle wedge above a band of intense, depth transgressive seismicity within the subducted
Nazca plate from ∼80 to 150 km depth. Major supraslab structures are a second planar, southeastward dipping
feature running from∼10 to∼80 kmdepth and three,∼20–30 kmdiameter masses of seismicity directly above and
perpendicular to the band of seismicity in the Nazca plate. The southeast dipping feature runs from beneath the
suture between South America and the Panamá–Chocó Block to the approximate center of a gap in the active
volcanic arc. The threemasses of seismicity lie downdip of the southward dipping feature. These features appear to
respectively mark the top and downdip edge of a subducted continuation of the lithosphere of the Panamá–Chocó
Block. This lithosphere has prevented contact between the hot asthenosphere of the mantle wedge and the sub-
ducting slab to >125 km depth and provided a relatively cold location for supraslab seismicity to occur within.

This configuration can be inferred to have persisted since at least 12 Ma when the block was sutured to South
America. This means that the block should be at or near thermal steady state and experience no change in pressure,
greatly limiting the possible mechanisms for intermediate depth seismicity compared to a subducting slab. Only
three proposed mechanisms for intermediate seismicity can be viable under these conditions: hydrofracture from
escaping slab‐derived fluids, brittle fracture at the cores of diapirs of buoyant subduction mélange, or shear‐
induced thermal runway during necking of the deepest segment of the block due to coupling of the block with
the slab or convecting mantle wedge. Hydrofracture would represent the least destructive of the three mechanisms
to the long‐term structural stability of the block, and we favor this explanation given the block's longevity.

The Cauca cluster's seismicity, the >10 million year disruption of the mantle wedge thermal structure it requires,
and the localized hydration of the overlying plate it implies, reveals the degree to which terrane accretion may
have a profound effect on a subduction system greatly post‐dating suturing and the general resumption of normal
subduction along a convergent margin.

Data Availability Statement
HypoDD (Waldhauser & Ellsworth, 2000) version 1.3 was used to calculate the earthquake relocations presented
in this study. This version was obtained from and is freely available from Waldhauser and Ellsworth (2010).
Questions regarding this software can be addressed to Felix Waldhauser (Columbia University). P‐wave and S‐
wave arrival time picks for earthquakes analyzed in this study are freely available from the SGC's seismic catalog
(Servicio Geológico Colombiano, 1993a), note that events prior to March 2018 are available only as SEISAN S‐
files and events after March 2018 are available only as QuakeML files. Relocated hypocenter locations calculated
for this study are available as a catalog in Tables S2 and S3.
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