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Key Points:
●  Seismic observations reveal a complex structure of the subducting Cocos slab.
●  We used four-dimensional data assimilation models to reproduce the complex configuration of the Cocos slab.
●  The lateral pressure gradient induced by the ancient Farallon Slab helped cause repeated tearing and subduction of the Cocos slab.
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Abstract: Subduction zones are major convergent boundaries, where the downgoing oceanic plates usually form continuous tabular
slabs extending deep into the Earth’s interior. However, many subducting slabs especially those with young ages, exhibit complex
geometry, with varying degrees of influence on the overlying continent and surface environment. To better understand the mechanism
of such slab deformation, we apply four-dimensional finite element geodynamic models with data assimilation to investigate the
evolution of the Cocos subduction in Central America, where a double-slab configuration with complex tearing has recently been
observed. We reproduce the subduction history of the Cocos slab since the Eocene. During this period, multiple episodes of tearing
occurred within the Cocos slab, starting at 25 Ma. We find that the ancient Farallon slab, subducted during the Mesozoic, enhances the
lateral pressure gradient across the slab hinge, promoting eastward mantle flow and tearing of the Cocos slab. The repeated tearing and
subduction of the young Cocos plate have shaped the complex slab configuration in the region.
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1.  Introduction
The theory of plate tectonics posits that the oceanic lithosphere is

rigid and may maintain its high mechanical strength even during

subduction,  thus  forming  a  simple  slab  morphology  for  an

extended period after  subducting into  the mantle  at  convergent

margins.  This  understanding  aligns  with  numerous  fundamental

observations  in  subduction  zones,  such  as  linear  island  arcs  and

smooth  Benioff  zone  geometry  (Stolper  and  Newman,  1994;

Hyndman et al., 1997). However, with the continuous advancement

of seismic imaging techniques, slab tearing has increasingly been

observed  beneath  various  subduction  zones.  Examples  include

the African slab beneath the Aegean Sea (Jolivet et al.,  2015), the

western  Pacific  slab  beneath  the  Mariana  Trench  (Miller  et  al.,

2006; Obayashi  et  al.,  2009),  the  Farallon  slab  beneath  western

North America (Schmandt and Humphreys,  2010),  and the Cocos

slab  beneath  Central  America  (Rogers  et  al.,  2002).  Additionally,

integrated  studies  combining  geological  records,  geophysical

data, and geodynamic simulations have revealed similar slab tear-
ing events in the past,  such as those in southwestern Gondwana
during the Mesozoic (Gianni et al., 2019) and in North America (Liu
LJ  and  Stegman,  2011)  and  South  America  (Hu  JS  et  al.,  2017)
during the Cenozoic.

There remains considerable debate regarding the mechanisms of
slab  tearing.  Previously  proposed  models  have  included  mantle
flow  and  plate  rotation  (Jolivet  et  al.,  2015; Gianni  et  al.,  2019),
direct  interaction  with  nearby  slabs  or  with  the  ambient  mantle
(Miller et al.,  2006; Obayashi et al.,  2009), erosion and destruction
of subducting slabs by mantle plumes (Obrebski et al., 2010; Zhou
Q et al., 2018b), and reactivation of preexisting weak zones within
the downgoing slab (Hawley and Allen,  2019).  However,  because
these  models  are  mostly  qualitative,  their  applicability  to  slab
tearing observed in different regions remains uncertain. Given the
widespread  occurrence  of  slab  tearing,  further  exploration  of  its
mechanisms  could  enhance  our  understanding  of  complex  slab
morphology,  providing  deeper  insight  into  how  subduction
processes  affect  the  overriding  plates  and  the  surface  environ-
ment.

In this study, we investigate the dynamic mechanisms of slab tear-
ing by constructing quantitative dynamic models to simulate the
evolution  of  subducting  slabs.  Our  research  focuses  on  Central
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America,  where  the  region  has  primarily  been  influenced  by  the

subduction  of  the  young  Cocos  slab  since  the  early  Cenozoic

(Müller  et  al.,  2019).  The relatively  simple subduction history  and

the  young  subducting  plate  in  this  region  are  conducive  to  the

formation of slab tearing (Liu LJ and Stegman, 2011) and facilitate

a systematic analysis of the associated dynamic processes. 

2.  Tectonic Setting and Mantle Structure of Central
America

The  Cocos  Plate  is  situated  to  the  west  of  Central  America,

bordered by the East Pacific Rise to the west and the Nazca Plate

to the south. The Cocos Plate was formed by the spreading of the

Pacific–Cocos  Ridge  and  the  Cocos–Nazca  Ridge.  Along  with  the

Nazca Plate,  the Cocos Plate is  a  remnant of  the ancient  Farallon

Plate, which fragmented approximately 23 million years ago (Xue

T  et  al.,  2023).  It  exhibits  a  triangular  morphology,  subducting

northeastward  beneath  the  American  Plate  and  the  Caribbean

Plate. Seafloor magnetic anomaly data reveal that the subduction

rate of the Cocos Plate since the Neogene has shown an increasing

trend  from  north  to  south  along  the  Middle  America  Trench

(Rogers et al., 2002).

Cocos  subduction  is  accompanied  by  frequent  seismic  activity

near  the  trench  and  substantial  topographic  uplift  within  the

overriding  Central  American  and  Caribbean  Plates  (Figure  1a).

Rogers  et  al.  (2002) first  identified  a  slab  gap  along  the  Middle

America  Trench  through  P-wave  imaging. Liu  M  and  Gao  HY

(2023) utilized full-waveform ambient noise tomography to show

that  the  reduction  in  seismic  velocity  during  the  transition  from

steep  to  flat  subduction  likely  represents  slab  tearing.  Another

recent  imaging  study  revealed  that  the  Cocos  slab  has  a  more
complex structure,  with two separate branches of  fast  anomalies
beneath  the  region  (Zhu  HJ  et  al.,  2020; Figures  1b and 1c).  This
configuration is consistent with a previous receiver-function study
that  proposed  a  double-subduction  model  with  opposite  polari-
ties, where the Cocos slab truncated another west-dipping slab to
the east (Kim et al., 2011). Therefore, the nature and formation of
the Central American slab structure remains elusive.

However, seismic imaging results do not directly reveal the evolu-
tionary  history  of  slab  tears. Xue  T  et  al.  (2023) simulated  the
subduction  of  the  Cocos  slab  beneath  Central  America  by  using
shear-wave  splitting  and  dynamic  modeling,  which  suggested
that slab tearing began approximately 10 million years ago. They
argued that the relatively young Cocos slab, with its high temper-
ature and low mechanical strength, cannot withstand the pressure
gradient  across  the  slab,  leading  the  slab  to  tear.  However,  this
study did not explain the source of the pressure gradient or how
its variation affects the process of slab tearing, leaving the ultimate
mechanism open for further investigation.

Although  slab  tearing  has  been  observed  and  studied  in  various
subduction regions, the tearing of the Cocos slab beneath Central
America,  despite  being  repeatedly  detected  by  seismic  imaging,
has  received  limited  attention  in  dynamic  modeling.  Moreover,
the  fundamental  mechanisms  underlying  slab  tearing  remain
poorly understood. 

3.  Method
To  reconstruct  the  evolutionary  mantle  process  of  the  Central
American  region  since  the  Eocene,  this  study  follows  the
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Figure 1.   Tectonic and seismological background of Central America. (a) Grayscale topographic map of Central America, where the red triangles

represent active volcanoes and the solid purple line indicates the mid-ocean ridge. Volcano locations are sourced from Rogers et al. (2002), and

the ridge location is from Müller et al. (2019). The dashed colored lines denote subducting slabs at varying depths, with slab depth data sourced

from Hayes et al. (2018). Profiles A–A′ and B–B′ in panel (a) correspond to panels (b) and (c), respectively. (b) Seismic tomography profile along

A–A′. (c) Seismic tomography profile along B–B′. The imaging data for (b) and (c) are from Zhu HJ et al. (2020). The dashed green lines in (b) and

(c) show the highly distorted or torn upper-mantle slabs.
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approach of modeling South American subduction in Hu JS et al.
(2017) and utilizes the three-dimensional (3D) finite element code
CitcomS  (Zhong  SJ  et  al.,  2000; Tan  E  et  al.,  2006)  to  establish  a
subduction model of Central America. 

3.1  Governing Equations
CitcomS is a finite element program for solving thermal convection
problems  in  spherical  shells  relevant  to  mantle  dynamics.  Its
fundamental  principle  involves  treating  the  mantle  as  a  purely
viscous, incompressible spherical shell and solving the governing
equations  of  thermal  convection  (i.e.,  the  conservation  of  mass,
momentum, and energy):

∇ ⋅ uuu = 0, (1)

−∇P + ∇ ⋅ [η (∇uuu + ∇Tuuu)] + (ρmαΔT + Δρc) ggg = 0, (2)

∂T
∂t

+ uuu ⋅ ∇T = κ∇2T, (3)

∂C
∂t

+ uuu ⋅ ∇C = 0. (4)

uuu P
η ρm

α Δρc
ggg

ΔT κ
C

In  the  equations  above,  represents  velocity,  stands  for
dynamic  pressure,  is  dynamic  viscosity,  refers  to  ambient
mantle density,  is the thermal expansion coefficient,  repre-
sents a compositional density anomaly,  is gravitational accelera-
tion,  represents  a  temperature  anomaly,  denotes  thermal
diffusivity and  represnts the composition.

In  our  model,  both  compositional  and  thermal  buoyancy  are
considered  to  accurately  replicate  the  realistic  evolution  process
of  our  study  region.  Additionally,  CitcomS  utilizes  a  Lagrangian
particle ratio method to describe the advection of chemical parti-
cles (Tackley and King, 2003). 

3.2  Model Setting
The study area of  the model  spans a  latitudinal  range of  40°N to
20°S  and  a  longitudinal  range  of  40°W  to  120°W,  encompassing
the  entire  mantle  down  to  the  core–mantle  boundary.  In  this
study, the research region is discretized into a grid of 512 × 512 ×
112  (latitude  ×  longitude  ×  depth).  Subduction  starts  from  the
Eocene  (approximately  45  million  years  ago)  and  lasts  until  the
present  day.  To  enhance  the  resolution  of  the  study  area  and
accurately  capture  the  characteristics  of  the  subducting  Cocos
slab, the grid is refined in the central part of the model (centered
at  80°W  and  10°N)  and  in  the  shallow  region  (with  the  densest
elements  at  the  surface,  gradually  coarsening  with  depth).  The
size of the finest grid cells in the model is approximately 12 × 17 ×
7 km (latitude × longitude × depth). The key parameters are given
in Table 1.

In  this  study,  the  top  surface  of  the  model  adopts  the  evolving
plate  motions  from Müller  et  al.  (2019) as  the  velocity  boundary
condition, whereas all other boundaries are set as free-slip bound-
aries.  Additionally,  this  study  assimilates  time-evolving  plate
boundaries into our model to track the location of the subduction
zone.  All  time-dependent  information,  such  as  plate  motion  and
plate  boundary  coordinates,  is  spatially  and  temporally  interpo-
lated  using  the  open-source  paleogeographic  software  GPlates
(www.gplates.org). This study utilizes seafloor ages from the same

plate  reconstruction  to  define  and  update  the  thermal  profile  of
the oceanic lithosphere, assuming an error function based on the
half-space  cooling  model.  A  surface  thermal  boundary  condition
of 0 °C is prescribed. By constraining the model with plate recon-
struction velocities and seafloor ages at each time step, we ensure
that  the  plate  motion  history  is  consistent  with  observations,
thereby  reasonably  reproducing  the  evolutionary  process  of  the
Central American region since the Eocene.

In this study, we test the dynamic effect of far-field mantle buoy-
ancy  structures,  such  as  the  former  Farallon  slab  subducted
during  the  Mesozoic,  to  quantify  the  forces  and  mechanisms
involved  in  the  evolution  of  Central  American  subduction.  In
particular,  by  comparing  the  model  results  with  versus  without
the former Farallon slab, we analyze the influence of this important
far-field  factor  on  the  pressure  field  and  mantle  flow  during  the
tearing process of the Cocos slab. In our model, the Farallon slab is
represented as a low-temperature anomaly in a specific region of
the  mantle  at  the  initial  time.  This  region  is  initially  defined  as  a
thick slab pile extending from 200 to 800 km in depth, mimicking
the plausible configuration of this feature around 40 Ma (Liu LJ et
al.,  2008; Liu  LJ  and  Stegman,  2011; Zhu  HJ  et  al.,  2020),  with  its
temperature  set  to  1100  °C  (compared  with  the  background
mantle temperature of 1400 °C). Subsequently, this low-tempera-
ture anomaly is allowed to evolve freely over time, which regulates
the pressure and flow of the rest of the model domain.

It should be noted that the volume of the Farallon slab is estimated
from  seismic  tomography  (e.g., Grand  et  al.,  1997),  whereby  its
location  and  orientation  during  the  initial  time  are  based  on  a
previous inverse model (Liu LJ et al., 2008) where the present-day
Farallon  slab  was  pulled  back  to  the  surface  (Figure  1).  We  find
that the mere presence of the ancient Farallon slab is key for the
dynamics of the Cocos subduction. Relatively speaking, the exact
volume  or  shape  (within  tomographic  uncertainties)  of  this  slab
has a lesser effect on the dynamics of the Cocos subduction. 

3.3  Rheology
In  this  study,  we  adopt  a  temperature- and  composition-depen-
dent  viscosity  structure.  The  background  viscosity  structure  is
divided  into  four  layers:  lithosphere  (1020 Pa s),  asthenosphere
(1020 Pa s),  mantle  transition  zone  (1020 Pa s),  and  lower  mantle
(1.5  ×  1022 Pa s).  The  rheological  parameters  used  in  our  data
assimilation model are based on numerous previous studies (e.g.,
Liu LJ and Stegman, 2011, 2012; Hu JS et al., 2016, 2018; Zhou Q et
al., 2018a, b; Peng DD and Liu LJ, 2022) in which various parameters

 

Table 1.   Model parameter setting.

Parameter Value

Mantle temperature 1400 °C

Mantle density 3340 kg/m3

Reference viscosity 1021 Pa s

Maximum viscosity cutoff 1023 Pa s

Minimum viscosity cutoff 1019 Pa s

Clapeyron slope at 410 km 4.0 MPa/K

Clapeyron slope at 660 km −2.0 MPa/K
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were tested to properly reproduce realistic subduction behaviors
and to meet observational constraints.  In subsequent simulation,
the  viscosity  of  the  grid  cells  is  updated  through  multiple  itera-
tions.

The  temperature-dependent  viscosity  is  calculated  using  the
following formula:

visc = visc0 × exp ( viscE
T∗ + viscT

−
viscE

1 + viscT
) , (5)

T∗ = min(max (T, 0) , 1) T

viscE viscT

where  and  is  the  nondimensionalized

temperature.  In  our  model,  the  nondimensionalized  mantle
potential temperature is set to 0.7. In addition, visc0 is the reference
viscosity,  and  and  are  defined  by  the  following  equa-
tions:

viscE =
Ea
RΔT

, (6)

viscZ =
ρgVa
RΔT

, (7)

viscT = T0. (8)

Ea Va
R ρ

ggg ΔT
T0

In the equations above,  and  represent the activation energy
and activation volume, respectively,  is the ideal gas constant, 
is  density,  is  gravitational  acceleration,  is  the  temperature
drop from the core–mantle boundary to the surface, and  is the
temperature at the surface.

For  the  composition-dependent  viscosity  calculation,  we  place
particles in each grid cell (in this study, each grid cell contains 35
particles).  These  particles  carry  information  about  the  different
compositional  components  defined  in  the  model  (Table  2)  and
move  between  grid  cells  as  the  simulation  evolves  (Hu  JS  et  al.,
2018; Peng  DD  et  al.,  2021b).  When  calculating  viscosity,  the
compositional information carried by the particles in each grid cell
is  first  averaged  geometrically  based  on  the  proportion  of  parti-
cles.  This  average  is  then  used  to  compute  the  corresponding
viscosity coefficient that reflects  the composition of  the grid cell.
The  final  viscosity  of  the  model  is  obtained  by  multiplying  the
temperature-dependent viscosity by the composition-dependent
viscosity coefficient. 

4.  Results
In  this  study,  we primarily  test  two models.  The  first  model  does
not consider the ancient Farallon slab and is referred to as Model
1  in  the  subsequent  text.  The  second  model  incorporates  the
Farallon slab and is referred to as Model 2.  Please note that each

of these two models requires fine-tuning of model parameters to

obtain  natural-looking  slabs  that  best  match  the  seismic  image.

Overall,  the  models  with  and  without  the  ancient  Farallon  slab

exhibit significant differences in both the direction and magnitude

of mantle flow, particularly in the lower mantle beneath the Cocos

slab. 

4.1  Results of Model 1
Figure 3 shows temporal snapshots of Model 1 (without the Faral-

lon slab). In this model, the geometry (contours in Figure 3) of the

subducting slab is defined as being 200 °C below the background

mantle temperature. The isotherms with different colors in Figure

3 represent the Cocos slab at  depths from 40 to 200 km. Prior to

30 Ma,  the Farallon Plate had not yet  fragmented into the Cocos

and Nazca Plates. During this period, the subduction zone on the

western  side  of  Central  America  was  largely  continuous,  with  no

significant  distortion  or  tearing  observed  (Figures  3a–3c).  Begin-

ning  from  30  Ma,  a  slab  window  began  to  form  in  the  region

where the Cocos Ridge intersects the American continent (present-

day Panama) in southern Central America (Johnston and Thorkel-
son, 1997). By 20 Ma, a slab gap appeared within the northern part

of  the  newly  formed  Cocos  slab,  whereas  the  mid-ocean  ridge

kept growing next to the slab window in the south. Subsequently,

the  ridge  continued  to  subduct  at  this  location,  and  the  slab

window  progressively  expanded  until  the  present  day  (Johnston

and Thorkelson, 1997). From 20 Ma onward, the gap in the northern

section gradually widened to eventually become a slab window.

Within the central portion of the subduction zone, the slab under-

went  notable  deformation  beginning  as  early  as  30  Ma,  with

multiple  phases  of  strong  distortion  at  various  depths.  Around

5  Ma,  multiple  small  slab  tears  developed  west  of  present-day

Nicaragua and Honduras near the center of  the subduction zone

(Figure 3h), where these tears persisted until the present day. We

suggest, based on the seismic imaging results (Rogers et al., 2002;

Zhu  HJ  et  al.,  2020),  that  the  present  gaps  observed  in  Central

America may correspond to the tearing of the Cocos slab over the

past 30 million years (Rogers et al., 2002; Liu M and Gao HY, 2023). 

4.2  Results of Model 2
Figure 4 presents the simulation results  with the inclusion of  the

Mesozoic  Farallon  slab.  Compared  to  Model  1,  slab  evolution  at

the northern and southern ends of  the subduction zone remains

similar,  although  the  continuity  of  the  subduction  zone  in  the

northern part of Central America begins to change around 30 Ma
 

Table 2.   The composition components in our model.

Number Component Number Component

0 Ambient mantle 7 Arc-like material

1 Weak oceanic crust 8 Buoyant ocean layer

2 Upper continental crust 9 Ocean eclogite

3 Lower continental crust 10 Ocean plateau

4 Upper continental lithosphere 11 Continental eclogite

5 Mid-continental lithosphere 12 Core–mantle boundary material

6 Lower continental lithosphere
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(Figures  3c and 4c),  forming  a  slightly  larger  slab  window  at  the

present day than that observed in Figure 3. Slab behaviors within

the central portion of the subduction zone show more differences

from those in Model  1.  For  example,  the slab dip is  notably shal-

lower,  as  shown  by  the  consistently  more  landward  location  of

slabs at all depths. Beginning at 30 Ma, a prominent central shallow

to flat  slab appeared.  From 5 Ma,  the trenchward part  of  the flat

slab starts to tear, forming a new slab that sinks more steeply into

the mantle west of present-day Honduras and Nicaragua, accom-

panied  by  a  major  slab  gap  between  the  two  slab  segments

(Figure 4h).

Relative  to  the  multiple  small  slab  tears  in  Model  1  along  the

central  subduction  zone,  Model  2  has  a  single  large  central  slab

tear. In addition, Model 2 reproduces a double-slab scenario along

trench-normal sections in both the northern and central portions

(Figures  4 and 5),  whereas  Model  1  has  this  configuration  only

near  the  northern  edge  (Figures  3 and 5).  Clearly,  Model  2

matches the seismic observations better than Model 1 (Figures 1b
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Figure 2.   Initial conditions and comparison of the two models for the Central American model. (a) The model region of this study, where the

blue polygon represents the horizontal cross-section of the ancient Farallon slab added. Except for the low-temperature region representing the

Farallon slab in the initial conditions, all other parameters are consistent between the two models. The dashed red box indicates the region

shown in (c) to (f); the solid purple line represents the plate boundary (data from Müller et al., 2019) reconstruction, and the background shows

the flow field at a depth of 200 km at the initial time. Panels (c) and (d) show model results excluding the former Farallon slab, whereas panels (e)

and (f) present results incorporating the former Farallon slab. (b) The 3D morphology of the ancient Farallon slab in our model. (c) Initial pressure

and flow field at a depth of 200 km for the model without the Farallon slab, with panels (d) to (f) using data from the same depth. (d)Pressure and

flow field at 11 Ma for the model without the Farallon slab, where the solid white line represents the slab boundary at 200 km depth. (e) Initial
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of 200 km.
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and 1c). By combining the seismic observation and model results,

we  conclude  that  the  inclusion  of  the  ancient  Farallon  slab

strongly  alters  the  subduction  process  and  the  final  model

outcome.  Furthermore,  the Model  2 results  provide a new expla-

nation  for  the  apparently  complex  slab  structure  below  Central

America,  without  the  need  to  invoke  double  subduction  in  the

region.
 

5.  Discussion and Conclusions
By comparing the two models above, we identified the important

role of the ancient Farallon slab in the evolution of Central Ameri-

can subduction. Physically, the sinking of the Farallon slab east of

the Central American trench greatly reduces the dynamic pressure

above  the  Farallon  slab,  consequently  elevating  the  pressure  on

the  other  side  of  the  Central  American  trench  because  of  the

conservation  of  mass  and  momentum  (Figure  2d vs. 2e).  The

resulting  lateral  pressure  gradient  across  the  trench  pushes  the

Cocos slab landward and repeatedly tears the slab hinge.

Consequently,  our  modeled  slab  behavior  and  structures  differ

notably from traditional subduction models. The present-day slab

structure looks so complex because of the transient nature of the

slab tear.  For example,  a  slab gap such as that near the northern

slab  edge  may  be  rapidly  subducted  before  another  tear  forms.

The  slab  geometry  along  cross-sections  A–A′ and  B –B′ seems  to

suggest  multiple  subduction  events  of  the  Cocos  slab  (Figures

6b–6e) owing to the presence of multiple slab hinges at astheno-

spheric depths and the apparent separation of slab segments and

their  imbricated  orientation  further  down.  Our  models  suggest

that this unique slab configuration corresponds to slab flattening

at  shallow depths  and repeated opening and subduction of  slab

tears  over  time,  forming  slab  doublets  across  the  upper  mantle

(like  a  fold  but  with  a  structural  discontinuity  between  different
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segments; Figure 7).  When seen through the blurry  tomographic

lens,  the folded slab doublets  could appear as  an ultra-thick slab

pile  at  upper-mantle  depths  (Figure  1)  that  is  difficult  to  explain

with the traditional single-slab model.

Although tearing of the subducting slab is strongly controlled by

the flow effect of the “mantle wind,” this process needs to be eval-

uated within the context of the regional geological background of

Central  America.  In  our  model,  slab  tearing  occurs  at  three  key

locations. The first is the gap that initially opened on the northern

side. Unlike the vertical tearing mechanisms previously identified,

such  as  a  sudden  change  in  the  subduction  angle  of  the  Cocos

slab  (Dougherty  et  al.,  2020; Calò,  2021)  or  the  retreat  of  the

subducting slab (Dougherty and Clayton, 2014; Castellanos et al.,

2018),  we  propose  that  the  northern  tearing  is  controlled  by  the

3D mantle flow driven by both the pressure gradient that generates

the poloidal flow component and the northern edge of the Cocos

slab that forms the toroidal flow component, as can be seen from

the progressively  enlarged tear  size  toward the northern bound-

ary.

The  second  location  of  slab  tear  is  the  central  part  of  the  trench

west of present-day Nicaragua and Honduras, where tears emerge

around 5 million years ago (5 Ma). The style of slab tearing in this

region depends mostly on the lateral pressure gradient (Figure 2)

because of the existence of the ancient Farallon slab. By incorpo-

rating the Farallon slab, the depth of the tear becomes shallower.

In  Model  1,  the  tear  mainly  forms  at  depths  of  80–120  km,

whereas  in  Model  2,  the  gap  starts  to  appear  at  approximately

40  km  depth.  We  attribute  this  difference  to  the  sinking  of  the

Farallon  slab,  which  draws  mantle  material  from  the  west  and

causes upward mantle flow (thus creating positive pressure) near

the subducting slab side, leading to a shallower slab and shallower

tear.  Additionally,  the  inclusion  of  the  Farallon  slab  in  Model  2

alters the subduction geometry of  the Cocos slab (Figures 6d–6e

and 7). The broader slab tears in this model lead to more imbricated

slab  doublets  at  upper-mantle  depths  (Figure  6e)  than  those  in

Model  1  (Figure  6d),  such  that  sinking  of  this  large  slab  pile
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Figure 4.   Evolution process of Model 2 (with the Farallon slab). The legend and color scale are the same as those in Figure 3.
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enhances  the  lateral  pressure  gradient,  thus  pushing  the  slab
further inland relative to Model  1 while maintaining shallow slab
tears.  We  conclude  that  this  self-reinforcing  mechanism  is  the
primary driver for the slab to tear.

The third location is  the slab window that opens in the southern
part  of  the  study  area,  where  the  Cocos  Ridge  subducts  (Figures
6f–6g).  Previous  studies  have suggested that  the slab window in
this  region  is  formed  by  continuous  spreading  during  ridge
subduction (Johnston and Thorkelson,  1997; Abratis  and Wörner,
2001; McGirr  et  al.,  2021).  We  find  that  the  opening  of  this  slab
window  is  also  influenced  by  the  mantle  wind  (Peng  DD  et  al.,
2021a; Li  YC  et  al.,  2024),  when  the  Farallon  slab  draws  mantle
material  northeastward  and  enlarges  the  slab  window.  This
demonstrates  that  the  lateral  pressure  gradient  also  influences
dynamics near the slab edges.

It  is  worth noting that  the magnitude of  the dynamic pressure is
only a few tens of megapascals (Figure 2),  which is much smaller
than the intraplate stress attributable to the negative buoyancy of
the  slab.  However,  the  intraplate  stress  is  highly  localized  within
the slab. Because the Cocos slab is very young, it results in relatively
small  intraslab  stress  so  that  the  prominent  deformation  occurs
only within the cold core of the thin slab. In contrast, the dynamic
pressure is much more widespread and consistently acting on the
two surfaces of the slab. When integrating these two stress types
over  the  volume,  their  magnitudes  may  become  comparable.  In
addition,  these  two  forces  act  differently  in  shaping  the  slab
morphology. The self-gravity tends to thin and even tear the slab
in the vertical direction, whereas the dynamic pressure acts more
laterally and tends to shift the slab inland, thus helping to reduce

the slab dip angle and enlarge the slab tear.

Our model results confirm that the self-gravitational stress of the

slab does play an important role in deforming the Cocos slab,  as

evidenced  by  the  smaller  tear  even  in  models  without  the

remnant Farallon slab (Figures 3 and 5a–5b).  However,  when the

residual  Farallon  slab  is  further  included,  slab  tearing  initiates

earlier,  with  larger  and  more  persistent  gaps  (Figures  4 and

5c–5d). Because the latter case results in a more landward position

of  the  slab,  forming  two  separate  slab  branches  as  seismically

imaged, we conclude that this particular slab behavior is primarily

driven  by  the  lateral  pressure  gradient  (mantle  wind)  generated

by the sinking residual Farallon slab.

In summary, this study establishes a four-dimensional data assimi-

lation model for the Central American subduction zone to investi-

gate  the  influence  of  former  subduction  on  slab  evolution  since

the Eocene. We find that slab tears observed at different locations

in the region are influenced to varying degrees by lateral  mantle

flow  (mantle  wind)  induced  by  the  sinking  Farallon  slab  on  the

east. The repeated tearing and sinking of the Cocos slab explains

the enigmatic mantle structures below the region (Figure 7).
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Figure 6.   Cross-sectional views of the temperature field in Central America. (a) Locations of three trench-normal cross-sections, with the
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