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A B S T R A C T   

The dynamic processes associated with subducting tectonic plates and rising plumes of hot material are typically 
treated separately in dynamical models and seismological studies. However, various types of observations and 
related models indicate these processes overlap spatially. Here we use precursors to PP and SS reflecting off 
mantle transition zone discontinuities to map deflections of these discontinuities near three subduction zones 
surrounding the Caribbean Plate: 1) Lesser Antilles, 2) Middle America and 3) northern South American sub-
duction zones. In all three regions slow seismic anomalies are present behind the sinking slab within the tran-
sition zone in tomographic images. Using array methods, we identify precursors and verify their in-plane 
propagation for MW ≥ 5.8 events occurring between the years 2000 and 2020 by generating a large number of 
source receiver combinations with reflection points in the area, including crossing ray paths. The measured time 
lag between PP/SS arrivals and their corresponding precursors on robust stacks are used to measure the depth of 
the mantle transition zone discontinuities. In all three areas we find evidence for upward deflection of the 660 
discontinuity behind the sinking slab, consistent with the presence of hot plume material (average temperature 
anomalies of 180 to 620 K), while there is not a corresponding downward deflection of the 410 km discontinuity. 
One interpretation of these disparate observations is suggested based on comparison to existing models of mantle 
convection and subduction: plume material rising across 660 km discontinuity could be entrained by lateral flow 
in the transition zone induced by the nearby sinking slab, and thus delaying the rise of hot material across the 
410 km discontinuity.   

1. Introduction 

The subduction of lithospheric plates provides the primary source of 
negative buoyancy driving mantle and plate motions (e.g., Conrad and 
Lithgow-Bertelloni, 2002; Enns et al., 2005; Weller et al., 2019). High 
resolution tomographic images of subducting slabs indicate some slabs 
sink directly into the lower mantle, e.g., beneath Peru, the Marianas and 
Central America (van der Hilst et al., 1997; Fukao and Obayashi, 2013), 
while some others bend, or flatten out in response to the phase changes 
and corresponding increase in viscosity at 660 km, e.g., beneath the Izu- 
Bonin region or South-Kurile region (e.g., Isacks and Molnar, 1971; van 
der Hilst et al., 1991; Grand et al., 1997; Gudmundsson and Sambridge, 
1998; Li et al., 2008; Hayes et al., 2012). In addition to the dynamical 

effects of the phase transitions, sinking slabs can also be affected by flow 
in the mantle caused by other sinking slabs (e.g., Jagoutz et al., 2015; 
Zhang et al., 2017; Pusok and Stegman, 2019), by large-scale mantle 
flow (e.g., Lee and King, 2011) and plumes rising from the lower mantle 
(e.g., Gurnis et al., 2000; Obrebski et al., 2010; Schmerr et al., 2010). 

In this study, we map the topography of the mantle transition zone 
(MTZ) discontinuities beneath the subduction zones surrounding the 
Caribbean Plate using precursors to PP and SS waves reflecting at the 
underside of the upper mantle discontinuities. Precursors to PP and SS 
waves have been previously used to map regional (Rost and Weber, 
2002; Schmerr and Thomas, 2011; Saki et al., 2015, 2019, 2022; Yu 
et al., 2017) and global discontinuity depths (e.g., Deuss, 2009; Deuss 
and Woodhouse, 2002; Lawrence and Shearer, 2006; Houser et al., 
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2008; Flanagan and Shearer, 1998, 1999). Unlike other methods, they 
are sensitive to the reflection points at midway between source and 
receiver and are therefore independent of the availability of stations in 
the target region. Our main focus is on three major subduction zones 
(Fig. 1): 1) Lesser Antilles (LA, region 1) where the north and south 
American plates subducts under the Caribbean plane 2) Central America 
(CA, region 2) where the Cocos plate subducts under the north American 
and Caribbean plates beneath Mexico and Guatemala, and 3) South 
America (SA, region 3) where the Nazca plate subducts under the South 
America plate beneath Columbia and Ecuador. 

Subduction in the Caribbean region has been imaged with seismic 
methods, such as tomography. The results by Fukao and Obayashi 
(2013) show the Cocos plate subducting under North and Central 
America to a depth of 660 km, perhaps even reaching the depth of 
~1000 km. P-wave tomography of the Lesser Antilles slab indicates that 
although seismicity only extends to ~200 km the slab itself extends into 
the transition zone, with possibly detached and actively tearing regions 
of the slab (e.g., van der Hilst and Mann, 1994; Bezada et al., 2010; 
Harris et al., 2018; Allen et al., 2019; Brazus et al., 2021; Cornthwaite 
et al., 2021). As the resolution of tomographic imaging varies strongly 
depending on the combination of sources and receivers used (e.g., 
Barklage et al., 2015; Zhao et al., 2017) and degrades with increasing 
depth, only large-scale velocity structures within the deeper Earth can 

be interpreted confidently (Lu and Grand, 2016). Other studies have 
probed the upper mantle structure beneath the Caribbean plate with 
other types of observations and models, including gravity anomalies (e. 
g., Sanchez-Rojas and Palma, 2014; Syracuse et al., 2016; Schlaphorst 
et al., 2017), seismic anisotropy data (Lynner and Long, 2013; Porritt 
et al., 2014), and surface wave tomography (e.g., Miller et al., 2009; 
Durand et al., 2017) but the depth extent is often much shallower than 
body wave tomography studies. 

An additional method to test the depth extent and path of subduction 
is the detailed analysis of MTZ seismic discontinuities. These seismic 
discontinuities are caused by solid-state phase transformations in the 
mantle minerals (mainly olivine and pyroxenes). The exact depth and 
width of these phase transitions depend on the mantle adiabat as well as 
the composition (e.g., (e.g., aluminum, calcium or iron content; Wood, 
1995; Stixrude, 1997; Weidner and Wang, 1998). Equilibrium models of 
mineral assemblage tend to predict narrow transitions, on the order of 
kilometers (Stixrude and Lithgow-Bertelloni, 2011), while seismic ob-
servations tend to require broader transition widths (Helffrich, 2000). 
The seismic discontinuity located at approximately 410 km depth is due 
to the exothermic phase transformation from olivine to wadsleyite 
(Helffrich, 2000; Shim et al., 2001; Fei et al., 2004; Katsura et al., 2004; 
Frost, 2008). The 660 km discontinuity is primarily due to the endo-
thermic transition of ringwoodite to bridgmanite and ferro-periclase (Ito 

Fig. 1. (a) Source-receiver combinations used in this study. Stars and triangles represent the location of the events and central station of each bin, respectively. The 
great circle path for each source-receiver combination is shown by the solid lines. (b) Location of underside reflection points. Region 1: Lesser Antilles (LA) where the 
north and south American plates subduct under the Caribbean plate, region 2: Central America (CA), where the Cocos plate subducts under the north American and 
Caribbean plates beneath Mexico and Guatemala, and Region 3: South America (SA), where the Nazca plate subducts under the South America plate beneath 
Columbia and Ecuador. (c) Example ray paths of the waves used here, for simplicity only the PP and P410P ray paths are shown. The P660P wave travels along a similar 
ray path as PP but reflects at the underside of the 660 km discontinuity. 
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and Takahashi, 1989; Shim et al., 2001; Fei et al., 2004) although at 
some temperatures intermediate transitions to ilmenite (cold slab) or 
garnet (hot plumes) phases may also occur (see phase diagrams in 
Weidner and Wang, 1998 and Stixrude and Lithgow-Bertelloni, 2011). 

To first order, deflections of the seismic discontinuities are inter-
preted in terms of thermal anomalies moving across these boundaries – 
colder slabs or hotter plumes. In this case, the magnitude of the 
deflection depends on the Clapeyron slope for the phase transition and 
can be used to estimate the thermal anomaly. In this simple interpre-
tation, due to the opposite sign of the Clapeyron slopes of the phase 
changes occurring at 410 and 660 km boundaries, the depth variation of 
these two discontinuities are anticorrelated in response to the same 
thermal anomaly, potentially leading to a thinner than normal mantle 
transition zone thickness beneath hotspots and thicker than normal 
across subducting plates (Helffrich, 2000). 

The simple interpretation of discontinuity deflection in terms of 
temperature alone does not account for: 1) differences in the phase 
transitions that occur at different temperatures, and 2) effects of bulk 
mineralogy (see summary in Thomas and Billen, 2009). Water content of 
the mantle may also influence the depth of the phase transition occur-
ring at the 410 discontinuity (e.g., Helffrich, 2000; van der Meijde et al., 
2003). Here we do not consider this for simplicity but note that there 
may be an effect. Seismic observations, are consistent with the primarily 
thermal dependence of the olivine to wadsleyite transition, but some-
times require a more complicated dependence for phase transitions 
occurring near 660 km depth (e.g., Deuss et al., 2006; Andrews and 
Deuss, 2008; Deuss, 2009; Thomas and Billen, 2009). Therefore, here we 
will use seismic tomography to provide additional information about the 
regional seismic wave speeds to provide more robust interpretations of 
observations. 

Knowledge of the thermal anomalies crossing the mantle transition 
zone can provide strong constraints on the style of mantle convection (e. 
g., heat and material flux) which further aids in the interpretation of 
seismic images in terms of past plate motions (Shearer and Masters, 
1992; Schubert and Tackley, 1995; Thomas and Billen, 2009; Fukao and 
Obayashi, 2013). Specifically, the positive Clapeyron slope for the 
olivine to wadsleyite transitions enhances the density anomaly due to 
temperature and thus aiding subduction or the ascent of a plume. In 
contrast, the negative Clapeyron slope for ringwoodite to bridgmanite 
plus ferro-periclase reduces the net density difference across the phase 
change boundary. These added density effects together with changes in 
viscosity across the phase changes can lead to complex behavior of both 
slabs (Arredondo and Billen, 2017) and plumes (Liu and Leng, 2019; 
Wamba et al., 2023) in the mantle transition zone. 

2. Data and processing 

We used broad-band velocity seismograms for several source- 
receiver combinations, which provided reflection points beneath the 
Caribbean and surrounding subduction zones (Fig. 1). Data were 
downloaded from the Incorporated Research Institutions for Seismology 
(IRIS) for the events occurring between 2000 and 2020 with magnitude 
of Mw ≥ 5.8 and no depth restriction. Events were collected within the 
epicentral distance range of 80 to 160◦ to ensure strong reflection am-
plitudes from the mantle transition zone boundaries and only few 
interfering waves (e.g., Flanagan and Shearer, 1998; Deuss, 2009). 

For each array, seismograms of each event were visually inspected to 
determine the quality of the PP/SS waves: noisy data and events with 
fewer than 7 stations in an array were disregarded. Noise was measured 
in a window of 50 s length between 70 and 20 s before the P wave arrival 
and the window for the signal is 50 s around PP (SS). Only events with 
signal-to-noise-ratio >1.5 were kept. The events fulfilling these re-
quirements were further analyzed, which led to 38 measurements as the 
final dataset used in this study (Table S1). It should be noted that the 
majority of the data had a much larger signal-to-noise-ration than 1.5. 

The final dataset included source-receiver combinations that span 

two main directions. The first and dominant propagation path is SE-NW 
direction with earthquakes in South Atlantic recorded in North America 
and Alaska. The second source-receiver group are events from the South 
Pacific recorded in Europe, presenting an SW-NE direction (Fig. 1). 
These two paths sample our investigation area with crossing ray paths 
providing better resolution of the mantle transition zone discontinuities. 
As some of the arrays are very large and coherency may decrease across 
large arrays, we divided the array stations into bins and each bin con-
tained stations within a radius of 300 km around the central station of 
the array to ensure coherency of the waves. 

We analyzed the dataset using seismic array methods (e.g., Rost and 
Thomas, 2002; Schweitzer et al., 2002) to enhance the visibility of the 
precursors and to distinguish precursors by their slowness. Following 
the selection of events, we searched for PP and SS precursors caused by 
the reflection at the underside of seismic discontinuities in the MTZ 
(Fig. 1.c). The amplitude of these precursor signals is only a few percent 
of the waves reflected off the surface (e.g., Flanagan and Shearer, 1998; 
Flanagan and Shearer, 1999; Deuss, 2007, 2009; Schmerr and Garnero, 
2007; Schmerr and Thomas, 2011; Lessing et al., 2015; Saki et al., 2015, 
2019, 2022; Reiss et al., 2017) and precursor signals can coincide in 
arrival time with other phases such as PKIKP (e.g., Lessing et al., 2015). 
Therefore, as a first step, we stacked the data to generate 4th root ves-
pagrams (Davies et al., 1971; Muirhead and Datt, 1976; Rost and 
Thomas, 2002) which allowed for the detection of PP/SS underside re-
flections by comparing the observed travel times to the theoretical travel 
time predicted by ak135 velocity model (Kennett et al., 1995). It also 
helped us to assess the slowness of the precursor, which should be close 
to the slowness of the main phase (PP or SS). After the detection of the 
precursors in the vespagram, the slowness-backazimuth analysis was 
used to confirm whether the signal was indeed a precursor signal by 
ensuring their in-plane arrival and correct slowness. Using the slowness- 
backazimuth analysis we were able to recognize and avoid the out-of- 
plane waves which may yield misleading results of reflector depths 
(Rochira and Thomas, 2023). 

Fig. 2 and Fig. S1 show vespagram examples of precursor signals 
from the 410 km and 660 km discontinuity. The vespagrams show 
clearly separated PP and/or SS precursor from other arrivals such as 
PKIKP or Pdiff/Sdiff coda waves. It should be noted that the events with 
visible reflections from both 410 and 660 km discontinuities in the same 
vespagram are rare in our observations, as they have been in other 
studies (e.g., Thomas and Billen, 2009; Lessing et al., 2014; Saki et al., 
2015). The non-detection of the reflections from the 660 km disconti-
nuity in global stacks has been attributed to the reduced P-wave velocity 
contrast across the 660 km discontinuity compared to that given in 
global models such as ak135 (Kennett et al., 1995) or PREM (Dziewonski 
and Anderson, 1981). Alternatively, local variations of mineralogy at the 
660 km discontinuity could potentially yield variable travel times of the 
precursors that would result in reduction of amplitude in the stacking 
process (Deuss, 2009). 

We applied a range of filters to each broad-band seismogram section 
to find the filter providing the best visibility of the precursors. Bandpass 
filters with the corner periods between 1 s and 100 s were tested and we 
found that a butterworth bandpass filter with corner periods between 5 
and 25 s provided clear arrivals of PP waves, while a butterworth 
bandpass filter with corner periods of 10 to 100 s was the best filter for 
detecting the SS waves in our dataset (Table S1). While we only used one 
filter for each wave-type, investigating the effect of different frequency 
filtering on the presence/absence of the precursor signals would 
potentially allow to understand sharpness of the discontinuity, and this 
is planned for a follow-up study. 

Since the precursors propagate on a very similar path to the PP/SS 
waves reflected off the surface (Fig. 1.c), the differential travel time 
between precursor and main phase (PP/SS) can be converted to the 
depth of the discontinuity using the TauP toolkit (Crotwell et al., 1999) 
and ak135 velocity model. To estimate the depth uncertainty in our 
measurements, we used a bootstrap method, replacing the records 
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randomly for 50 sets of traces and stacking them to produce a vespa-
gram. We then measured the differential travel time between the pre-
cursor signal and the main phase (PP/SS) and converted them into depth 
ensuring the same part of the wavelet for PP/SS and precursor was used. 
The waves were corrected for mantle and crustal structure by using 
crustal model CRUST2.0 (Bassin et al., 2000) and the mantle tomogra-
phy model MITP08 (Li et al., 2008) for P-waves and S40RTS (Ritsema 
et al., 2011) for S-waves. Finally, we calculated the mean depth value for 
each event from our 50 measurements per event and assigned this as the 
reflector depth, with the standard deviation as the measurement un-
certainty (see Table S1). 

The lateral resolution of the topography at the reflection points is 
governed by the large Fresnel zone of about 5–8 by 10–15 degrees (e.g., 
Deuss, 2009; Rost and Thomas, 2009) for P-wave and S-waves respec-
tively, and small-scale variations of depth may be difficult to resolve 
from individual observations. (e.g., Deuss, 2009; Rost and Thomas, 
2009). The use of arrays helps to decrease the size of the Fresnel zone 
(Rost and Thomas, 2009). Using synthetic data, Saki et al. (2022) 
showed that strong step-like topography of about 300 km (for example 
on a reflector at 1000 km, i.e., a step from 900 to 1200 km reflector 
depth) is still resolvable using array measurements, despite large Fresnel 
zones. Similarly, Lessing et al. (2015) tested the effect of topography of 
the 660 km discontinuity on the seismic wavefield and showed that a 
deflection would be detectable, but there would likely be a more com-
plex waveform for the precursor, especially for a downward deflection. 
Still, variations in depth over small length-scales (<5◦) should be taken 
with some caution (Saki et al., 2022). 

We divided the observations into two different categories: for the 
majority of the events, due to high signal to noise ratio, the precursors 
showed very clear and clean signals (these events are shown with black 
borders of the symbols in Fig. 3), while for the remaining dataset the 
higher noise levels mean a less reliable pick of precursors and therefore 
larger errors in depth estimates (these events are marked with yellow 
borders of the symbols in Fig. 3). The calculated depth of the 410 km and 
660 km discontinuities for each event and bin in our study area is shown 
in Fig. 3 and given in Table S1. The calculated depth of the 410 km 
discontinuity lies in the range of 382 ± 2.7 to 422 ± 4.2 km, while the 
660 km discontinuity depth varies within 603 ± 3.6 to 703 ± 3.8 km. 

We find that our reflection points are localized in three different 
regions: underneath the subduction zone of the Lesser Antilles (LA in 

Figs. 1 and 3), Central America (CA in Figs. 1 and 3) and the north-
western edge of South America (SA in Figs. 1 and 3). In the following, we 
will present results and discussion for each of those regions. 

3. Results 

3.1. Area 1 – Lesser Antilles 

Due to the radiation pattern of events in the source region, the 
measurements for the 410 km discontinuity consist of mostly SS obser-
vations in the south and PP reflections further north, (area 1 in Fig. 3). 
The calculated depth for the 410 boundary indicates a change from 
elevated (shallower) depths beneath the south-eastern part of the sub-
duction zone, moving to slightly depressed depths (5–10 km) towards 
the northwest. The four P-wave measurements agree with the depths 
from SS-precursors where they overlap spatially. The range in calculated 
depths of the 410 km discontinuity is up to 30 km in the area 1 box. 
Nearby observations lying outside of this box also indicate shallower 
than average depths (Fig. S2). 

The observations of the 660 km discontinuity in this area indicate an 
uplifted discontinuity for most of the area, including a few reflection 
points outside the area 1 box in Fig. 3. The measurements for PP and SS 
precursors agree while some lower quality data (e.g., dark red circle 
outside box 1 also agree with high quality S-wave observations in the 
same place. The uplift of the discontinuity is around 20 km. Indeed, the 
660 km discontinuity appears uplifted in all regions (Fig. 3d) as we will 
discuss. 

Comparison of the observation points with the contours of the slab 
surface from the Slab 2.0 data set (Hayes et al., 2018) included in Fig. 3 
and tomography models indicates that most of these observations likely 
sample the mantle underneath the sinking slab (e.g., tomography model 
DETOX, Hosseini et al., 2020, Fig. 4.b). The results of P-wave tomog-
raphy of Harris et al. (2018) and van Benthem et al. (2013) find fast 
velocities to the west of our reflection points near 65 deg. W, with slower 
velocities in the region of our northern reflection area. Similarly, a 
compilation of tomography depth slices of the Lesser Antilles slab in a 
range of tomographic models (Mohammadzaheri et al., 2021) also 
shows the fast velocities towards the west and south-west of our 
reflection points. Comparing the tomographic results to the contours of 
Slab2.0 (Hayes et al., 2018) which only reach to a depth of 
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approximately 190 km for this region (Fig. S2), the trend of subduction 
is similarly towards the West, and Southwest, respectively, forming the 
curved- subduction imaged by tomography (Harris et al., 2018). 

Therefore, based on the apparent dip of the slab and resolution of the 
tomographic models (e.g., DETOX, MITP08, S40RTS, Fig. 4 and Fig. S3), 
we estimate that even taking into account broadening of the slab ther-
mal anomaly, these observations points do not directly sample the slab 
interior (Fig. S2, Fig. S3 and Fig. 4). For some parts of the region 
deflection of the 410 and 660 km discontinuities indicate a thinner 
transition zone (Fig. 3.c) consistent with anomalously warmer material 
flowing across both boundaries of the transition zone. However, in other 
regions, the 410 km appears unperturbed or shallow (blue) over regions 
with shallow depths (red) of the 660 km discontinuity. This suggest that 
a simple interpretation in terms of anomalously warm material rising 
across the mantle transition is not possible across the whole area and 

may indicate anomalously warm mantle rising underneath the colder 
sinking slab or just not reaching the top of the mantle transition zone. 
Tomographic images of DETOX (Hosseini et al., 2020) also show slower 
than average velocities east of the slab at 660 km depth (Fig. 4.b), 
supporting the possibility of warmer than average mantle material in the 
region of the reflection points at the 660 km discontinuity images (e.g., 
van Benthem et al., 2013; Hosseini et al., 2020). 

3.2. Area 2 – Central America 

Near the Mexican coast where the Cocos plate subducts under the 
North American continent (area 2, CA in Fig. 3) our observations consist 
of mostly SS observations and the number of reflection points is lower 
than in the other regions. Except for one dark blue triangle, the esti-
mated depth of the 410 km discontinuity for the reflection points located 

Fig. 3. Maps of the depth of 410 and 660 km discontinuities using precursors to PP (circles) and SS (triangles) waves. The high-quality observations, due to clear and 
clean data, are marked with a black border of the symbols. The yellow border of a symbol indicates that the result was obtained from data with higher level of noise. 
Solid black lines show the plate boundaries. (a) Results for the 410 km discontinuity depth. Reflection depths as given by the colour bar. Deeper reflections are 
indicated by red colours, shallower reflectors by blue colours. (b) Depth measurements for the 660 km discontinuity with colour indicating depth. Deeper reflectors 
are shown by blue colours, while red colour displays an elevated discontinuity. Slab contours (every 50 km for Lesser Antilles (LA, region 1), every 80 km for Central 
America (CA, region 2) and every 100 km for South America (SA, region 3) from Slab 2.0 (Hayes et al., 2018). c) Mantle transition zone thickness calculated by 
subtracting the estimated depths of the 410 km and 660 km discontinuities. d) Distribution of our depth measurements for the 410 and the 660 km discontinuities for 
the three regions in part a. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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near the subducting slab show little deviation from 410 km depth (white 
and light blue colours in Fig. 3a). However, the single observation 
furthest to the east shows an elevated 410 km discontinuity, as one 
would expect for the 410 km discontinuity influenced by a colder than 
normal mantle structure (e.g., Helffrich, 2000; Katsura and Ito, 1989; 
Katsura et al., 2004). Our observations agree with several other studies 
detecting an uplifted 410 km discontinuity in this region using other 
methods (e.g., joint inversion for mantle shear velocity and topography 
of transition zone discontinuities by Gu et al., 2003; observations of SP 
underside reflections by Reiss et al., 2018; observations of P wave 
receiver functions by Pérez-campos and Clayton, 2014). The location of 
the uplifted 410 km discontinuity also agrees with the location of the 
subducting Cocos plate in tomographic images (e.g., the DETOX model 
by Hosseini et al., 2020) shown in Fig. 4.c. 

Observations of the 660 km discontinuity are mostly elevated 
(shallow by >20 km) except for one measurement underneath Mexico 
giving a depth of 666 km (Fig. 3). The upward deflected 660 km 
discontinuity in this region combined with slightly deflected 410 km 
discontinuity leads to a thinner than normal mantle transition zone 
thickness (Fig. 3.c). This shallower discontinuity depth is similar to 
studies by Flanagan and Shearer (1998) and Gu et al. (2003) who found 
elevated 660 by up to approximately 15 km in the same region. Based on 
comparison with the Slab 2.0 data (Fig. S2) set and tomography model 
DETOX (Hosseini et al., 2020) the eastern-most observation point (with 
elevated 410 and depressed 660 km) should lie within the slab (Fig. 4.c 
and Fig. S2). However, the other observations sample the mantle 
beneath the slab: in particular the observations of the 410 km 

discontinuity are well outside any thermal effect of the sinking slab. 
Similar to the Lesser Antilles, the observations of the deflections of the 
410 km and 660 km discontinuities are not consistent with a simple 
interpretation in terms of warm material vertically rising across both 
boundaries of the mantle transition zone. 

3.3. Area 3 – Northwest coast of South America 

In the third region, near the north-western South American coast 
(area 3, SA in Fig. 3) we find depth values for the 410 km discontinuity 
ranging from normal depth (410 km) to mostly elevated depths (blue) 
with a shallowing of the discontinuity by up to 20 km. Here we have the 
largest number of reflection points from PP and SS precursors and, while 
there is scatter, the average for the entire region shows an elevated 410 
km discontinuity. Comparison to the slab contours (Fig. 3.a) again in-
dicates that none of the elevated depths are within the likely thermal 
halo of the underside of slab (distance of >200 km). 

The 660 km discontinuity in this region shows a similar behavior, 
from normal to mostly elevated (shallow) depths throughout the area 3 
(Fig. 3b,d), indicating likely hotter temperatures. Some measurements 
of deeper depth of the discontinuity are also found in the east of this 
investigation area and could coincide with the location of the slab at this 
depth, however these events did not display a reflection from the 410 km 
discontinuity. Following the path of subduction of the Colombia- 
Maracaibo slab in different P-wave tomographic images (van Benthem 
et al., 2013; Yarce et al., 2014; Hosseini et al., 2020; Portner et al., 2020; 
Mohammadzaheri et al., 2021) we confirm that slower than average 

Fig. 4. a) Profiles through our investigation area and for LA (A-A’), CA (B–B)) and SA (C-C′). b-d) Depth slices through tomographic model DETOX (Hosseini et al., 
2020) from the surface to 1000 km depth along the profiles A-A’, B-B′ and C-C′ in (a) respectively. Black solid lines show the location of the slabs from Slab2.0 (Hayes 
et al., 2018) superimposed on each cross section. Black dashed lines mark the depths 410 km and 660 km. Black crosses are the single reflection depths. 
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velocities are imaged where most of our reflection points sample the 
660 km discontinuity (Fig. 4.d, Fig. S2 and Fig. S3). A low velocity 
anomaly surrounding the slab has also been detected by a joint inversion 
of seismic and gravity data beneath Colombia (Syracuse et al., 2016). 
Therefore, similar to the other two regions, we find an elevated 660 km 
discontinuity without a corresponding deeper 410 km discontinuity and 
thinner than normal MTZ thickness (Fig. 3.c), even though we are well 
away from the thermal effect of the slab at the top of the mantle tran-
sition zone for these reflection points. 

4. Discussion 

The observations indicate that in the Lesser Antilles, the 410 km 
discontinuity is elevated by up to 30 km in the south near the slab. In 
Central America, the 410 km is either unperturbed or elevated (one 
location). In South America, the 410 km is uplifted by up to 20 km. For 
the 660 km discontinuity we find elevated reflection points (up to 20 
km) in the regions directly behind and under the Central America slab, 
most northerly section of the South America (Columbia) slab and the 
Lesser Antilles slab. In all three areas, comparison to tomographic im-
ages (Fig. 4) and the dip of the slab indicate that only a few of the 
reflection points are close enough to the slab to be affected by the cold 
slab temperatures. The good correspondence of these points with the 
location of the slab from seismicity and tomography provide confidence 
in our detection of discontinuity depths further away from the slabs. 

The elevated 660 km discontinuities all appear to sample the mantle 
in regions with slow seismic anomalies located behind the slabs in 
several tomographic models (e.g., Fig. 4, Fig. S2 and Fig. S3). The large 
Fresnel zone does translate into sensitivity to structure over distances of 
hundreds of km, but previous studies have shown that step-like changes 
in discontinuity depth can still be confidently detected using array 
methods (Saki et al., 2022). Therefore, we conclude that the data do 
indicate elevated 660 km discontinuity in all three regions in the loca-
tions behind the slabs. 

The simplest interpretation of the uplifted 660 km discontinuity is 
the presence of hotter than average mantle material rising across the 
base of the mantle transition zone. Using the observed deflection depths 
and Clapeyron slope (− 2.5 Pa/K) for the ringwoodite to bridgmanite 
and ferro-periclase transition (Ye et al., 2014), we estimate that excess 
temperatures are 30 to 1000 K (see data sheet and Table S2 included in 
the Supplementary Material). 

Deflections of the seismic discontinuities at 410 and 660 km differ-
ences relative to the average mantle at these depths are related to dif-
ferences in temperature and major element composition, as well as 
concentration of water (Lebedev et al., 2002; Katsura et al., 2003; Fei 
et al., 2004; Litasov et al., 2005a, 2005b; Ishii et al., 2011; Kaneshima 
et al., 2012; Ghosh et al., 2013). For ringwoodite to bridgmanite and 
ferro-periclase transition (rw to brg + fp) the range in Clapeyron slope 
varies from − 0.5 to − 3.0 Pa/K: higher water concentration increases the 
Clapeyron slope, while increased iron decreases the Clapeyron slope. 
Larger values (e.g., − 4 to − 6 MPa/K) found in earlier experimental 
studies (e.g., Ito et al., 1989; Ito et al., 1990; Weidner and Wang, 1989) 
are no longer Weidner and Wang, 2000 as valid because improved 
experimental techniques (in particular better constraints on pressure), 
have shown that Clapeyron slopes are lower than those previous studies. 
In addition, calculations of equilibrium phase assemblages show that the 
Clapeyron slope varies with temperature, and also changes depending 
on whether the mantle is treated a single rock type (pyrolite) compared 
to a mixture of harzburgite and basalt (Stixrude and Lithgow-Bertelloni, 
2011, 2012). 

Given all these factors contributing to the depths of the phase tran-
sitions responsible for the major seismic discontinuities, we acknowl-
edge that choosing a single Clapeyron slope values for estimating the 
potential temperature differences can only lead to first order in-
terpretations. Here, we use a single intermediate value, weighing the 
higher values typical of seismic estimates more heavily than the smaller 

values coming from end-member composition experimental studies. 
However, if the true effective Clapeyron slope is substantially smaller, 
the observations would require larger plume temperatures making it 
more likely that such a plume would continue to rise up through the 
transition zone, which is not supported by the observations at 410 km. 
Future models incorporating plumes, slabs and the full equilibrium 
phase assemblage calculations are needed to provide more this analysis 
from a first order test of the hypothesis to a detail studied of potential 
trade-offs. 

There are two possible explanations for warm thermal anomalies 
behind the subducting slabs. The first possibility is a local return flow 
caused by the sinking of the slab into the mantle. If such a flow exists it 
could advect warmer lower mantle material up into the transition zone. 
We reject this possibility for two reasons. First numerical models of 
subduction show that slabs sinking into the lower mantle lead to a broad 
region of entrained flow, which is also sinking downward into the 
mantle (Fig. 5). Because the viscosity of the lower mantle is >10 times 
higher than the average viscosity of the upper mantle, the flow is slower 
and broader in the lower mantle than in the upper mantle. Second, the 
large upward deflection of the 660 km discontinuity requires average 
temperature anomalies of 240–600 K– such large temperature differ-
ences are normally associated with fast rising plumes (Trela et al., 2017). 
Slower rising material will have more time to thermally equilibrate with 
the surrounding mantle making it difficult to maintain the large thermal 
anomalies required to match the observed deflections. 

The second possibility is therefore actively upwelling hot (plume) 
material from the lower mantle. This possibility is consistent with the 
thermal anomaly required to match the height of the deflections at the 
660 km discontinuity. However, the lack of a depressed 410 km 
discontinuity at the corresponding locations above these points indicates 
that the thermal anomaly is limited to the deeper part of the transition 
zone. This can be explained by accounting for the lateral deflection of 
the slab-induced flow caused by the sharp increase in viscosity at the 
base of the transition zone (Fig. 5). The viscosity contrast between the 
upper and lower mantle forces a partitioning of sinking slab induced 
flow into a lateral component of flow because the sinking rate decreases 

Fig. 5. Example of lateral flow behind the slab from a 2D simulation of sub-
duction. Features to note: decrease in sinking rate of slab from top of transition 
zone to bottom of transition zone, and across the 660 km discontinuity. Rota-
tion of flow behind the slab from nearly vertical to horizontal flow. This flow is 
typical during episodes of slab folding and roll-back. It is this flow that could 
push a rising plume laterally within the transition zone. Colour shows density 
due to temperature, composition and phase changes. Contours are temperature 
every 300 K from 600 to 2100. Arrows are scaled to magnitude of flow 
(maximum in upper mantle is 6.2 cm/yr; maximum in lower mantle is 2.0 cm/ 
yr). Model set-up is similar to Billen and Arredondo (2018) but uses a domain 
width of 140◦ in longitude at equator (Weidner and Wang, 2000 et al., Weidner 
and Wang, 2000). 
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abruptly at the upper-lower mantle boundary (Arredondo and Billen, 
2017; Billen and Arredondo, 2018). In addition, the flow in the 
asthenosphere is coupled to the sinking flow of the subducting plate and 
could therefore act to hinder further rise of the buoyant material out of 
the transition zone. 

The ability of the slab-induced flow to stall a rising plume in the 
transition zone depends on the rate of rise of the plume relative to 
opposing flow. As an order of magnitude estimate, a Stokes sphere with 
radius of 100 km and temperature anomaly of 240 K rising through a 
mantle with viscosity of 1e21 Pa-s will have an upward velocity on the 
order of 1 cm/yr. However, the rising velocity increases proportional to 
the temperature anomaly, so a plume with a temperature anomaly of 
600 K, would rise 2.5 times faster. Therefore, moderately buoyant 
plumes rising into the transition zone on either side of the slab could be 
both diverted laterally and hindered from rising further due to the slab 
induced flow in the surrounding mantle (Fig. 6). 

One shortcoming of most subduction models is that they are focused 
on the evolution of slabs in an empty mantle (e.g., Arredondo and Billen, 
2017). Larger-scale (but lower resolution) global mantle convection 
models demonstrate that heating of the lower mantle thermal boundary 
layers leads to upwellings on multiple scales, including plumes (McNa-
mara and Zhong, 2004; Zhong., S., 2006; Tackley, 2012; Koppers et al., 
2021). One interesting result from geodynamical models is the forma-
tion of smaller scale plumes at the base of the transition zone as the 
result of a larger scale upwelling and decrease in viscosity into the 
mantle transition zone (van Keken and Gable, 1995; Courtillot et al., 
2003; Liu and Leng, 2019). The combination of this process of spawning 

multiple narrow plumes and the slab induced flow could explain the 
observations of a broad region of elevated 660 km discontinuity under/ 
behind the slabs in these three regions. 

While robust counts of active plumes originating from the core- 
mantle boundary enumerate only 18 plumes (e.g., Koppers et al., 
2021), this does not account for secondary plumes that may originate 
from a larger thermo-chemical plume, or substantially thinner, purely 
thermal plumes, which are difficult to image seismically (Courtillot 
et al., 2003; Koppers et al., 2021). From this perspective the possibility 
that there are active plumes rising in vicinity of sinking slabs is not so 
surprising. The interaction of rising plumes with slabs is not a new idea 
(see Table S3 included in the Supplementary Material) – however, it has 
been treated more as an anomalous occurrence (e.g., Yellowstone plume 
impinging on and breaking the Farallon slab, Obrebski et al., 2010; 
Samoa plume at the northern boundary of the Tonga-Kermadec slab, 
Chang et al., 2016), rather than a more normal component of plate 
tectonics in an actively convecting mantle. Indeed, for the South 
America slab beneath Columbia – the Galapagos plume lies just several 
100 km to the southwest. 

The interpretation of the discontinuity depths in terms of plumes 
rising up through the base of the mantle transition zone presented here 
uses simple scaling for interpreting the expected deflections of the dis-
continuities as well as the potential for slab-induced flow to stall and 
deflect the rising plume. To further test this interpretation, more seis-
mological constraints on the length scale of the discontinuity deflections 
are needed and dynamical models exploring the interaction of different 
sized plumes with sinking slabs are needed to further test what sized 
plumes can be deflected by slab flow. Such models could provide 
important constraints on the viscosity contrast across the upper mantle 
transitions and the absolute value of viscosity within the transition zone. 

Future models are needed to specifically model this process, as well 
as provide both the thermal models and phase transition depth within 
the secondary plumes so that these can be used to make synthetic 
seismic tomography models for comparison to seismic models. These 
seismic observations, therefore, call for development of a robust work- 
flow connecting the results of dynamic models to creation of synthetic 
seismic models to further improve our understanding of transition zone 
dynamics. 

5. Conclusions 

The observations of an elevated 660 km discontinuity using seis-
mological data array methods presented here provides another valuable 
data constraint indicating plume-slab interaction in three separate lo-
cations. These observations are complementary to seismic tomography 
observations as they are not subject to the same kinds of modeling un-
certainties (but are subject to other errors as discussed), and to 
geochemical observations, because they can provide more specific 
spatial constraints on the location and extent of thermal anomalies. We 
conclude that similar analysis behind slabs in regions with slow seismic 
velocity anomalies would help to determine the global prevalence of 
such interactions and could in turn provide further constraints on ma-
terial properties of the mantle (e.g., viscosity, effective Clapeyron slope) 
through geodynamical modeling of the interaction of rising plumes and 
sinking slabs. 
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