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[bookmark: _heading=h.4u7vnwe6jodc]ABSTRACT
SEISMIC IMAGING OF MEGATHRUST FAULT PROPERTIES AND FOREARC STRUCTURE ALONG AND ACROSS THE MIDDLE AMERICA SUBDUCTION ZONE, OFFSHORE MEXICO
GRACE WARD
Slow slip events (SSEs) are an important but poorly understood type of slip at subduction zones. It remains unclear what physical conditions promote the occurrence of slow slip versus earthquake slip on plate boundary faults. The Guerrero segment of the Mexico Subduction Zone (MSZ) has experienced both deep and shallow slow slip events but has not hosted a large megathrust earthquake in ~115 years. In contrast, adjacent segments regularly rupture in Mw>7 earthquakes.  To investigate the architecture and physical properties of the Mexico subduction zone across areas that experience different slip behavior, we analyzed multi-channel seismic (MCS) reflection data from the 2022 ¡Me Gusta! expedition. Two seismic profiles were examined: a trench-perpendicular profile crossing the subduction zone SE of the Guerrero Gap near Acapulco (Line 3) and a trench-parallel forearc profile extending across the Guerrero Seismic Gap (GSG) and adjacent segments (Line 4). Seismic reflection imaging reveals that the shallow plate boundary offshore Acapulco is relatively smooth and laterally continuous despite the presence of bending faults and seamounts on the incoming Cocos Plate. Trench sediments are thin (~200 m) and appear to be largely accreted into a small frontal prism rather than subducted. A highly reflective plate interface extends ~18 km landward of the trench and to depths of ~8 km before becoming less reflective at greater depths. Reflection coefficient estimates derived from pre-stack shot gathers range from ~0.11 to 0.25, which can be explained by the impedance contrast between the accretionary prism and oceanic crust. Along-strike variations observed on Line 4 show enhanced reflectivity beneath the northwestern portion of the GSG, coinciding with regions previously interpreted to host SSEs associated with thicker gabbroic crust and elevated pore-fluid pressures. This study reveals along-strike and downdip variations in plate boundary reflectivity that sometimes coincide with changes in  megathrust slip behavior along the MSZ, but the correlation is not consistent, suggesting that additional methods are needed to examine controls on slip behavior. 
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1.0 Introduction
Subduction zone megathrusts produce a spectrum of slip behaviors, from fast, high-magnitude earthquakes to slow, aseismic events such as slow slip events (SSEs) and tremor. Megathrust earthquakes occur when stress is built up between a subducting and overlying plate and is suddenly released, producing intense ground motion and potentially triggering tsunami. SSEs, in contrast, release stress more gradually over days to months (Obara & Kato, 2016). Though less damaging on their own, SSEs are key to understanding the mechanics of subduction zones and how stress evolves throughout the broader earthquake cycle (Scholz, 2019; Beroza & Ide, 2011; Wallace, 2020).
SSEs have been observed in subduction zones worldwide, including Cascadia (Saux et al., 2022), Nankai, Japan, (Nishikawa et al., 2023), New Zealand (Truttmann et al., 2024), Aleutians (Okada & Nishimura, 2023), Costa Rica (Perry et al., 2023), and Mexico (Cruz-Atienza et al., 2021; 2025). In Cascadia, SSEs occur downdip of the locked megathrust, transitioning into tremor zones. At Nankai, SSEs are observed updip near the trench, while in Japan, SSEs have occurred in the proximity of large earthquakes (Obara & Kato, 2016; Nishikawa et al., 2023). In Mexico, slow-slip events occur updip, downdip and in the same depth range as earthquake slip (Radiguet et al., 2016; Cruz-Atienza et al., 2025). The spatial relationship between SSEs and megathrust earthquakes has led to renewed interest in whether SSEs play a role in modulating or triggering seismic slip. For example, the 2011 Mw 9.1 Tohoku-Oki earthquake in Japan was preceded by SSE activity in the same area (Uchida & Bürgmann, 2021). In northern Chile, SSEs were detected near the hypocenter of the 2014 Mw 8.1 Iquique earthquake (Ruiz et al., 2014). Similarly, the 2014 Mw 7.3 Papanoa earthquake and the 2021 Mw 7.0 earthquake in Mexico were preceded by a SSE (Radiguet et al., 2016; Gualandi et al., 2017; Cruz-Atienza et al., 2025). These observations raise questions about the relationship between slow and fast slip behavior: Do SSEs relieve stress and delay megathrust earthquakes, or do they transfer stress to adjacent locked areas, increasing earthquake potential? (Dixon et al., 2014; Schwartz & Rokosky, 2007; Graham et al., 2017; Dascher-Cousineau & Bürgmann, 2024).
Several physical factors have been proposed to control the style and location of slip along subduction zones. SSEs are often associated with elevated pore-fluid pressures, which reduce effective normal stress and promote stable sliding (Saffer & Wallace, 2015; Saffer & Tobin, 2011). For example, in Cascadia, radial receiver functions reveal the deep megathrust is a fluid-rich, low-permeability boundary and capable of sustaining SSEs and tremor (Audet et al., 2009). Structural heterogeneity in the incoming plate—such as variations in lithology, faulting, topography, and sediment cover—can influence locking, promote slow slip conditions, and limit rupture propagation (Barnes et al., 2020; Tilley et al., 2021; Saffer & Wallace, 2015; Takemura et al., 2025; van Rijsingen et al., 2018). Subduction of seamount chains or fracture zones may locally alter coupling conditions or contribute to aseismic deformation (Wang & Bilek, 2011). Thermal structure, slab geometry, and sediment input also influence the location and characteristics of slow slip (Manea et al., 2004; Currie et al., 2002; Audet et al., 2009; Heuret et al., 2012; Brizzi et al., 2020; Saffer & Wallace, 2015). 
Low sediment conditions are thought to promote stronger coupling near the trench and reduce the fluids that incorporate into the subduction system (von Huene & Scholl, 1991; Saffer & Bekins, 2006). Subduction zones with thick incoming sediment (e.g., Cascadia, Nankai) may host both shallow SSEs and large ruptures depending on fluid retention and mechanical properties (Heuret et al., 2012; Brizzi et al., 2020). For example, at Nankai, observations from the NanTroSEIZE drilling project show a strong correlation between pore-fluid pressure, low effective stress, and the occurrence of shallow slow slip (Tobin & Kinoshita, 2006; Bedford et al., 2021).
Improving constraints on the structural and physical controls of SSEs is essential for understanding how slow slip fits into the broader seismic cycle. Understanding how heterogeneity in the plate interface and overriding plate affects fluid migration, coupling, and frictional behavior is critical for assessing seismic hazard. SSEs may also provide early indicators of fault loading and help identify regions capable of producing large megathrust earthquakes (Frank et al., 2016; Obara & Kato, 2016; Jiang et al., 2017).
This study investigates the structural controls on slip behavior in the Guerrero Gap and surrounding segments of the Mexico Subduction Zone (MSZ) (Figs. 1, 2). Using multichannel-seismic (MCS) reflection from the 2022 ¡Me Gusta! Experiment (Bécel et al., 2023), we aim to characterize variations in faulting and sediment input from the incoming plate, plate boundary properties and forearc faulting (Fig. 2). Our research aims to address the following questions: 1) What structural features correlate with the occurrence of slow slip events versus megathrust earthquake ruptures? 2) Do downdip and along-strike variations in plate interface reflectivity correspond to changes in coupling or slip behavior? By integrating geophysical observations to slip behavior, this work contributes to a greater understanding of subduction zone mechanics and the conditions that promote different styles of fault slip.
[image: ]
Figure 1. Middle America subduction zone where the Cocos Plate subducts under the North America Plate. Convergence directions in red with their respective rates (DeMets et al., 2010). Earthquake rupture areas shown in yellow (Cruz-Atienza et al., 2018). Guerrero Gap labeled with black arrows. Blue contour lines represent slab depth, intervals of 10 km (Hayes et al., 2018).
[image: ]
Figure 2. Red arrows show convergence direction (DeMets et al., 1994). Earthquake rupture areas are shown in yellow and dates of earthquakes since 1900 (Cruz-Atienza et al., 2018). Deep, long-term SSEs are labeled in red and shallow, short-term in green (Cruz-Atienza et al., 2025). Guerrero Seismic Gap (GSG) extent is represented with white arrows. Black lines are seismic reflection profiles; Lines 3 and 4 are the focus of this study in orange, and Lines 1, 6, and 7 are labeled in purple (Bécel et al., 2023). 

[bookmark: _heading=h.2sii0atq4wt6]2.0 Tectonic Background of the Mexico Subduction Zone
The Middle American Trench (MAT) marks the boundary where the oceanic Cocos Plate subducts beneath the continental North American Plate along the Mexico Subduction Zone (MSZ). The MSZ has along-strike variations in coupling, seismicity, and forearc morphology (Kostoglodov et al., 2003; Radiguet et al., 2012; Kim et al., 2010). Numerous large (Mw>7) earthquakes have ruptured segments of the MSZ such as Mw 8.0 Colima-Jalisco earthquake (1995) and Mw 8.0 Michoacan earthquake (1985) (Fig. 2), and yet geophysical data has revealed a spectrum of slip behavior ranging from fast megathrust rupture to slow slip and tremor (Brudzinski et al., 2007; Radiguet et al., 2012, 2016; Graham et al., 2017). These variations make the MSZ a valuable region for understanding the physical controls on megathrust behavior. However, the characteristics of the incoming and overriding plates, including plate boundary properties and fluid conditions remain poorly constrained in several segments of the margin. 
Within this tectonic setting, the Guerrero Seismic Gap (GSG) has been identified as a segment with high seismic potential. It is a ~200-km-long segment that has not experienced a major megathrust earthquake in over a century (Fig. 1; Cruz-Atienza et al., 2018; Radiguet et al., 2012). Based on historical records, geologic and geodetic evidence, the GSG has the potential to produce an earthquake of Mw >8 (Suárez, 1990; Kostoglodov, 1996; Bekaert et al., 2015), posing a major risk to populations such as Acapulco and even distant areas like Mexico City.
One feature of the GSG is its recurring slow slip events (SSEs). SSEs have been recorded since the first continuous GPS stations were deployed in 1993, primarily in regions of Guerrero and central Oaxaca (Brudzinski et al., 2007; Radiguet et al., 2012; Cruz-Atienza et al., 2021; Correa-Mora et al., 2008), where the GSG has recorded SSEs approximately every four years (Kostoglodov et al., 2003; Radiguet et al., 2016; Graham et al., 2017). These SSEs occur at depths ranging from ~15–40 km and can result in maximum slip amplitudes of ~200 mm—equivalent to Mw 7.5 earthquakes (Radiguet et al., 2012; Graham et al., 2017). SSEs have been interpreted to be influenced from frictional conditions and elevated pore-fluid pressures along the deeper interface (Obara & Kato, 2016; Saffer & Wallace, 2015). Farther southeast, the adjacent Oaxaca region hosts more frequent but smaller SSEs (Brudzinski et al., 2007; Correa-Mora et al., 2008 & 2009; Graham et al., 2014 & 2017; Maury et al., 2018; Husker et al., 2019), highlighting the along-strike variability of aseismic behavior. 
Historically, adjacent regions to the GSG have experienced large megathrust earthquakes, such as the 1985 Michoacan earthquake (Mw 8.0) to the northwest (Fig. 2). The GSG, however, has remained seismically quiet in terms of large events since at least 1911 (Ramírez-Herrera et al., 2012; Bekaert et al., 2015; Cruz-Atienza et al., 2018). Events have occurred outside the segment, including the Mw 7.3 Papanoa earthquake in 2014 and the Mw 7.1 Acapulco earthquake in 2021 (Fig. 2). Both the 2014 Papanoa and 2021 Acapulco events, located near the northwestern and southeastern edges of the GSG, respectively, have drawn attention due to their temporal and spatial proximity to a preceding SSE, suggesting possible triggering by aseismic stress changes (Radiguet et al., 2016; Cruz-Atienza et al., 2025). The spatial and temporal proximity of megathrust earthquakes and SSEs in Guerrero implies a possible relationship between the two modes of slip. Several historical ruptures also overlap with our study, including the 2013 Mw 6.2, 1989 Mw 7.0, 1985 Mw 7.6, 1957 Mw 7.6 and 1907 Mw 7.6 earthquake events (Fig. 2). These overlapping rupture zones provide important context for interpreting along-strike variability. 
The incoming Cocos Plate characteristics could ultimately influence the slip behavior and the seismic activity in the Guerrero region. The Cocos Plate is relatively young, ranging in age from 11-17 Ma along trench from northwest to southeast (Lonsdale, 1995). Outboard of the GSG, in particular, the subducting plate is approximately 13 Ma (Middle Miocene), converging at a rate 6.4 to 6.7 cm/yr, and is shallowly dipping 15–20° near Acapulco (DeMets 2010, Kim et al. 2010, 2012). Černý et al. (2020) has found that there is evidence of subducted seamounts within the GSG that could potentially create asperities that can nucleate earthquakes up to Mw ~7.5. In addition, trench sediment thickness also varies along strike, with ~500–600 m in western Guerrero, ~300 m in the central segment, and <100 m in the easternmost part (Černý et al., 2020). 
Drill sites on both the incoming Cocos Plate and offshore forearc region during DSDP Leg 66, found that the Cocos plate is covered in ~200 m of pelagic and hemipelagic sediments (Moore et al., 1982). Sediments recovered from the forearc slope range in age from Miocene to Pleistocene, indicating that sediment accretion along the Middle American Trench was already active by Early Miocene (23-20 Ma; Moore et al., 1982). At subduction zones, incoming sediments can influence the frictional behavior of the megathrust if they are subducted beneath the overriding plate; however, at Leg 66, some sediments are interpreted to be offscraped and contribute to the growth of the accretionary prism (Dickinson, 1971; Watkins et al., 1981). 
Thermal modeling along the Meso-American Subduction Experiment (MASE) transect reveals that hydrothermal circulation within the basaltic oceanic crust may play a critical role in shaping the thermal structure of the subduction zone offshore Guerrero. Perry et al. (2016) found that fluid circulation could cool the subducting plate prior to and during subduction, shifting isotherms (100–150°C and 350–450°C) landward. This cooling effect would allow fluids to be carried deeper into the subduction zone, leading to slab dehydration at greater depths. The resulting fluid release aligns spatially with the zone of SSEs and nonvolcanic tremor, emphasizing how variations in thermal structure, driven by hydrothermal circulation, might promote elevated pore pressures and enable slow slip behavior. In particular, the MASE transect data emphasizes the importance of considering hydrothermal circulation in interpretations of the Guerrero SSE region.
Seismic velocity models and ambient noise tomography have revealed significant heterogeneity in the forearc crustal structure of the Guerrero region, with implications for spatial variability in properties such as rigidity and permeability (Gaite et al., 2012; Kim et al., 2012). Rigidity contrasts can be explained by the different lithologies in the overriding plate; the overriding plate is comprised of a series of Precambrian to Mesozoic units that have been modified by multiple phases of magmatism, primarily associated with the subduction zone (Ferrari et al., 2012). These spatial differences of lower rigidity that may result in weaker areas that deform aseismically, while more rigid areas may concentrate stress, and rupture during large earthquakes (Audet & Bürgmann, 2014; Brudzinski & Allen, 2007; Gao & Wang, 2014). Additionally, low-velocity zones in the forearc have been linked to pathways for fluid migration or structural weaknesses (Audet et al., 2009; Peacock et al., 2011). In such settings, overpressured fluids may develop under sections of forearc crust where permeability is low, facilitating the occurrence of SSEs by reducing seismic velocities and effective stress (Saffer & Bekins, 2006; Moore & Saffer, 2001; Audet & Bürgmann, 2014). In the GSG, the presence of a thick, gabbroic lower crust may act as an impermeable barrier, trapping fluids. Husker et al. (2017) suggested that this unusual crustal structure—likely resulting from prolonged arc magmatism—impedes fluid migration, leading to elevated pore-fluid pressures along the plate interface. This interpretation is supported by a prominent magnetotelluric (MT) conductivity anomaly, which suggests high fluid content at depth beneath the GSG. The combination of crustal composition and fluid-rich conditions appears to be unique to the GSG, offering an explanation for why SSEs are dominant in this part of the MSZ. 
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[bookmark: _heading=h.r5at2q2dnjo]3.1 Seismic Data Acquisition
In this study, we use seismic reflection data to image subduction zone structure and physical properties and examine their possible control on plate boundary behavior. Marine reflection seismology is a type of active source seismology where a controlled source (air-gun) produces seismic waves that reflect off of contrasts in properties in the Earth. Reflections are recorded on a streamer—a towed array of hydrophones. The receivers record the amplitudes of seismic reflections in two-way travel time (TWT)—the time it takes energy to travel down into the Earth from the source and back to the surface; this time is controlled by the depth to the boundary and the speed of sound through layers above the boundary. We image structures, such as incoming plate and overriding plate faults, and along-strike topography variations and sediment thicknesses that can provide important context for seismic events. 
The Mexico Experiment in Guerrero to Understand Shallow Transients near Acapulco (¡Me Gusta!) Project involved the acquisition of both wide-angle seismic  and multi-channel seismic (MCS) data on a series of profiles parallel and perpendicular to the subduction zone in and around the Guerrero Gap aboard the R/V Marcus G. Langseth in May-June 2022 (Fig. 2; Bécel et al, 2023). A 15-km-long streamer with 1200 channels spaced at 12.5 m and a 36-element, 6600 cu.in seismic source (air-gun), both towed at 12 m depth, were used to acquire reflection data. All MCS shots had shot intervals of 50 m, record length of 18 s in TWT, and sampling interval of 2 ms. The shipboard science party and crew acquired a total length of 2431 km of MCS data. The study area is shown in Figure 2; this study focuses MCS data on Lines 3 and 4.  Line 3 is a ~131-km-long profile line located south of the Guerrero Gap perpendicular to the trench, offshore Acapulco. Line 4 is a ~285-km-long profile parallel to the trench across the forearc that surveys Guerrero Gap and adjacent segments. 
[bookmark: _heading=h.tindthoprbj4]
[bookmark: _heading=h.64bz8qaemdfy]3.2 Seismic Reflection Data Processing
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Figure 3. An overview of the methods and techniques used for processing the seismic data.

We used Aspen Paradigm's Echos to produce seismic reflection images from the MCS data (Fig. 3-6). The first step involves data cleaning, where we aim to keep primary reflections from structures (e.g., the plate boundary) but remove unwanted signals such as multiples (reverberations within the water column). We manually edit and remove bad traces from our shot gathers. A bandpass trapezoidal filter was implemented throughout processing to remove low and high-frequency noise where there is limited signal, with cut-off frequencies from 4-5-92-120 Hz. A f-k filter was applied to suppress unwanted diffractions in the shot gathers. A noise frequency band suppression limited noise between 4-12 Hz and was used to suppress high amplitude noise bursts. 
To suppress multiples, we performed surface-related multiple attenuation (SRMA). This method required a static shift in sources and receivers—same station location at the free surface—so headers were adjusted. The multiple removal model involved two steps: 1) Surface-Related Multiple Attenuation (SRMA) model that predicts multiples that aim to match the recorded multiples, with respect to TWT, amplitudes, and wavelet shapes. 2) An adaptive subtraction of the multiple model that iteratively matches the different aspects of the multiple’s amplitude and frequency and subtracts it from the data. After SRMA, a debubbling technique was applied to suppress source bubble oscillations and reverberations generated by the airgun array. A spherical divergence correction was implemented to correct for geometric spreading. Additionally, we used parabolic Radon transforms to further remove residual multiples by separating primary reflections and multiples in the velocity domain. A time-dependent filter was applied to contain the high frequencies in shallow subsurface and low frequencies of deep primary reflections. 
We use pre-stack time migration to improve our images by repositioning seismic reflections events to their correct locations in the subsurface before stacking. This option allowed us to obtain a more accurate subsurface image and to make structures more clear because it enhances sharp and steeply dipping structures (Dondurur, 2018). A residual velocity analysis is used to refine the velocity model, which involves picking residual velocities and undertaking a constrained velocity inversion to update the velocity model before performing another migration. Then we stacked to enhance the signal-to-noise ratio. Our finalized images used pre-stack depth-migration with an improved velocity model that includes residual NMO refinement and constrained velocity inversion smoothing and damping parameters. 

[bookmark: _heading=h.5u5akr52aoi]3.3 Reflection Coefficient Estimation
	Reflection coefficients for the seafloor (RCsf) and megathrust (RCmt) interface were estimated using amplitudes measured from pre-stack shot gathers. To preserve relative amplitudes for the seafloor and multiples, shot gathers without spherical divergence correction were used to estimate seafloor reflection coefficients (RCsf). Shot gathers with spherical divergence correction were used for megathrust reflection analysis to compensate for geometric spreading losses at greater travel times. 
	Amplitudes were measured for the seafloor, multiple and megathrust from the five nearest-offset traces for each shot gather and averaged. For each reflector, the maximum peak and adjacent trough amplitudes were identified. Reflection coefficients were estimated using amplitude ratio methods:
[image: ]
and
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Where , ,  represent measured reflection amplitudes for the seafloor multiple, seafloor reflection, and megathrust reflection, respectively (Warner, 1990). 
	Reflection coefficients are related to contrasts in acoustic impedance across an interface according to:
[image: ]
where Z = ⍴Vp, ⍴ is density, and Vp is compressional P-wave velocity. This relationship provides a framework for comparing observed reflection coefficients with theoretical impedance contrasts derived from estimated seismic velocities and densities of prism and oceanic crustal materials.
To compare observed reflection coefficients with theoretical impedance, densities for accretionary prism material were estimated from P-wave velocities using Gardner’s velocity-density relationship (Gardner et al., 1974):
[image: ]
where ⍴ is in g/cm³, and Vp is in m/s. Accretionary prism velocities ranging from (1.8-2.6 km/s) were used for the accretionary prism directly above the megathrust based on stacking velocity analysis. Estimated prism densities were combined with seismic velocities to calculate the expected impedance (Z = ⍴Vp) and theoretical reflection coefficients. Oceanic crust end members included a low-velocity altered upper crust model (Vp = 3.1 km/s, ⍴ = 2.6 g/cm³) and a higher-velocity, more competent upper crust (Vp = 4.5 km/s, ⍴ = 2.7 g/cm³) (Kirkpatrick, 1979; Carlson & Raskin, 1984). These values were then compared with observed reflection coefficients to evaluate plausible lithologic and fluid property contrasts across the plate boundary.
	Because reflection polarity of the megathrust was difficult to confidently determine, megathrust amplitudes were measured on both the highest amplitude trough and peak associated with the megathrust. To estimate the reflection coefficient of the seafloor, using the highest amplitude trough of the multiple consistently produced physically reasonable values, whereas using the first trough of the multiple occasionally yielded non-physical reflection coefficients greater than one (Fig. 8). Therefore, the final reflection coefficient estimates were calculated using the trough after the primary reflection peak in the multiple.

[bookmark: _heading=h.8etuwswfmlsw]4.0 Results
The seismic reflection profiles offshore Guerrero, Mexico presented here reveal several key features of the subduction zone structure and of the subsurface geology that can give context to megathrust earthquakes and slip behavior.

[bookmark: _heading=h.dz8sy8ehsby9]4.1 The Incoming Cocos Plate
Trench-perpendicular Line 3 displays high-amplitude reflections from the sediments on the oceanic Cocos Plate with an average thickness of ~120 m (Figs. 4, 6). These reflections are interpreted to be a pelagic-hemiplagic sediment deposited on the oceanic crust based on nearby ocean drilling (Watkins et al., 1981). Line 3 also highlights several structural features in the oceanic crust, including abyssal hill faults and a prominent seamount. The top of the oceanic crust is generally relatively smooth with gentle undulations draped by sediments. A seamount is present 46 km from the trench and is 8 km wide and approximately 700 m tall. A couple of possible abyssal-hill faults are observed with widths of about ~2 km at 70 km away from the trench, which are interpreted to have formed at the East Pacific Rise. Moho is partially visible ~6 km below the oceanic crust (Fig. 4). 
We have identified bending faults on Line 3, where the first bending fault appears ~23 km away from the trench (Fig. 6, 7). Bending faults are recognized by sharp offsets on the youngest sediments, the seafloor, and the basement topography. Measured vertical offsets along the bending faults range from 40-180 m at the seafloor and 40-310 m at basement, with average offsets of ~70 m and ~125 m, respectively (Fig. 7B). Fault spacing is generally ~1.5 km. A mixture of bending fault dips trend seaward and landward, although trenchward-dipping faults are more common. 

[bookmark: _heading=h.8cri8io1qy1x]4.2 Trench & Plate Interface
On Line 3, the Middle America Trench (MAT) is about 5.3 km deep and contains ~200 m of sediment trench fill (Fig. 5). The subduction interface between the Cocos Plate and the North American Plate is shown as a distinct highly reflective boundary at shallow depths (Figs. 4A, 5). A smooth, bright reflection from the plate interface extends 17 km from the trench. However, at distances of >17 km from the trench, the reflection weakens and becomes fainter at depths greater than 8 km. On Line 4, a possible plate interface reflection varies in reflectivity and at depths ~8-12 km below the seafloor (Fig. 4B). It is deeper in the central-northwest compared to the southeast portion of the line.
    [image: ]
Figure 4. Seismic reflection images of ¡Me Gusta! Experiment. Profiles are labeled on Fig. 2. (A) Line 3 pre-stack depth migration image across the Middle America Trench. (B) Line 4 pre-stack depth migration image along the forearc. The plate boundary is represented with a black arrows. Moho labeled with red dotted arrows. Guerrero Seismic Gap (GSG) is in red, the solid portion is the length in reference to Fig. 2, the dotted line is the downdip an approximate length of the ~200 km from Radiguet et al., (2016).[image: ]
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Figure 5. Accretionary prism and trench on Line 3. Black symbol and text represents the interpreted location of a splay fault. Black arrows represent the plate boundary reflection. Bottom-simulating reflector (BSR) is labeled with a red line and text.
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Figure 6. An example of vertical separation measurements across a bending fault on Line 3. Red points mark interpreted seafloor picks and green points mark interpreted basement picks used to quantify displacement. Vertical separation was measured across each fault to assess the extent of deformation within the incoming oceanic plate prior to subduction.
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Figure 7. Bending faults on Line 3. (A) Measured vertical offsets at the seafloor (blue) and top of basement (red) on bending faults. (B) MCS data across bending faults interpreted as green dotted lines. Approximate measurement locations at seafloor and basement shown with blue and red dots, respectively. (C) Bathymetry data along Line 3 with CMPs measured for reference.



Reflection coefficients were calculated for both the seafloor and megathrust interface using amplitude ratios derived from pre-stack shot gathers of Line 3 (Fig. 8). Across the analyzed shot gathers (31973–31990), seafloor reflection coefficients (RCsf) range from ~0.13 to 0.34, while megathrust reflection coefficients (RCmt) range from ~0.11 to 0.25 (Fig. 9, 10). These values indicate moderate to strong reflector amplitudes and impedance contrasts at the plate boundary.
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Figure 8. Pre-stack shot gather 31986 used for reflection coefficient analysis. Amplitudes were measured from the five nearest-offset traces for the seafloor reflection, seafloor multiple, and megathrust reflection. Shot gathers without spherical divergence correction were used for seafloor and multiple amplitude measurements, while gathers with spherical divergence correction were used for megathrust amplitude measurements to compensate for geometric spreading effects. Green arrows show where amplitudes were picked on the waveforms. Reflection polarity uncertainty is shown by the presence of both pre-peak and post-peak trough amplitudes associated with the seafloor reflection. Final reflection coefficient estates were calculated using amplitudes from the trough following the primary peak.
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Figure 9. Location of shot gathers used for reflection coefficient analysis on Line 3. Vertical black dotted lines indicate the range of 31973-31990 used. These shot gathers sample the shallow megathrust reflection imaged beneath the accretionary prism.
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Figure 10. Bar graph showing calculated seafloor reflection coefficients (RCsf) and megathrust reflection coefficients (RCmt) for analyzed shot gathers across the MSZ. Reflection coefficients were estimated from averaged amplitudes measured across the five nearest-offset traces using pre-stack shot gathers. Final values were calculated on the largest amplitude trough to obtain a maximum estimate of megathrust RC. 

[bookmark: _heading=h.40mhtqxnvra5]4.3 Accretionary Prism and Overriding North America Plate
The accretionary prism on Line 3 extends approximately ~13 km landward from the trench (Fig. 5B). This wedge marks the region where sediments and materials from the subducting plate are scraped off and accreted to the overriding plate. We interpret the landward end of the accretionary prism to be bound by a splay fault 11 km away from the trench that reaches the megathrust at a depth of ~4.5 km below the seafloor that we interpret as a backstop. The seafloor dips at 6° NE across the accretionary prism and the plate boundary dips at 8.2º NE, yielding a taper angle of 14.2°. We also observe a bright reflection 500 to 900 m below the seafloor that parallels the seafloor, which we interpret as a bottom simulating reflector marking the phase boundary between methane hydrate and free gas (Haacke et al., 2007). The BSR is disrupted by small-scale thrusts in the frontal prism, shown as a non-continuous reflective boundary.
Along the forearc, Line 4 sediment thickness ranges between 250-500 m. Sediment layers are the thickest in the northwestern portion and thinnest in the southeastern portion. Along the entire segment, there are laterally continuous sediment layers to depths of 100-200 m below the seafloor. However, at depths >200 m below the seafloor, the sediment reflections appear more chaotic and discontinuous. Beneath the sediment, the forearc crust is not very reflective and appears to be seismically transparent. 
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[bookmark: _heading=h.7jlfg9tvctzq]5.0 Discussion
The seismic reflection profiles from Lines 3 and 4 provide new insights into the plate boundary and overriding plate structure along the Guerrero segment of the Mexico Subduction Zone (MSZ). These data help address key questions about how incoming plate roughness, sediment input, fluid content, and crustal structure influence megathrust properties and behavior, particularly the occurrence of slow slip events (SSEs) and the potential for large earthquakes. 

[bookmark: _heading=h.nywxg25suswt]5.1 Influence of the Incoming Plate on Megathrust Properties
The incoming plate’s bending faults and seamounts introduce heterogeneous features that could later play a role in slip behavior. The bending faults are likely to be reactivated abyssal hill fabric. Because this fabric is nearly parallel to the Mexico trench, the likelihood of reactivation is greater due to the pre-existing weak faults with favorable geometries that align with the extension caused by the bending of the subducting plate (Clarke et al., 2024; Billen et al., 2007; Masson 1991). Line 3 crosses a small chain of seamounts on the incoming plate, though it does not image all of the seamounts due to its orientation. Divins (2006) seafloor sediment thickness model and seismic reflection images from the ¡Me Gusta! project (Hagemeier et al., in review) shows sediment thickness is greater to the northwest of the Guerrero Gap than in the area of Line 3. Sediment thicknesses along Line 3 align well with the results from DSDP Leg 66, which documented pelagic to hemipelagic sediments averaging ~110 m in thickness parallel to the trench (Watkins et al., 1981). 
No sediment subduction appears to occur; instead most, if not all, sediment on the incoming plate is accreted to a small frontal wedge (Fig. 5A). The sediment accretion has resulted in the development of tilted beds and/or thrusts, which can be observed as landward dipping reflectors (LDRs) in the accretionary prism. These structures within the prism can influence the pathways for fluid escape and near-trench deformations (Saffer & Tobin, 2011), including the interpreted splay fault. The interruption of the BSR by thrusts further supports that these faults may influence the migration of fluids and dehydration processes (Fig. 5). 
Despite the bending faults of the incoming Cocos plate and thin sediment cover observed offshore Guerrero, the plate boundary imaged along Line 3 appears very smooth and homogeneous, with little to no disruption from subducting topography, in contrast to the heterogeneous reflectivity observed on other megathrust with rough seafloor and limited sediment subduction (e.g., Bécel et al., 2017). We observe no significant evidence of subducting seamounts, ridges, or horst-and-graben structures that typically generate local deformation or roughness along the megathrust. This apparent homogeneity is striking, especially considering that the outer rise is visibly faulted and has thin sediment cover. A plausible explanation is that the currently subducted portion of the plate differs structurally from the present-day outer rise, due to differences in inherited variations from mid-ocean ridge spreading and faulting patterns. It is also possible that the smoothness may be from a transition in bending behavior as the plate enters subduction, with fault offsets reduced by mechanical “unbending” beneath the forearc (Billen & Hirth, 2007). We find this unlikely to occur at such shallow depths. Finally, subducting topography could have been decapitated by the overlying forearc, but this explanation is also unlikely because the megathrust is already smooth beneath the accretionary prism, that is not expected to be rigid enough to remove incoming fault topography. These observations provide a structural contrast that is not yet fully understood and would need further investigation.

[bookmark: _heading=h.6lbcnbn8wf7j]5.2 Downdip and Along-strike Variations in Megathrust Properties
We observe a large transition from high reflectivity to sudden loss in reflectivity along the plate interface, which occurs more than ~18 km landward of the trench and at depths exceeding ~8 km, may be due to changes in the physical and hydrological properties of the megathrust. One possibility is that reflectivity is controlled by contrasts in acoustic impedance across the fault zone; in particular the shift in overlying material from layered sediments to higher velocity crystalline basement would reduce the contrast in velocities with the subducting oceanic plate and thus cause a reduction in interface reflectivity. Alternatively, this transition may indicate a change within the fault zone itself, particularly a reduction in fluid content due to progressive dewatering of the sediments and upper oceanic crust. 
This second interpretation is inconsistent with thermal modeling from the Meso-American Subduction Experiment (MASE) (Perry et al., 2016), which demonstrated that hydrothermal circulation within the incoming oceanic crust offshore Guerrero cools the slab prior to subduction. This cooling shifts primary isotherms (e.g., 100–150°C and 350–450°C) landward and enables fluids to be transported deeper into the subduction zone. If the downdip loss of reflectivity corresponded with this deeper dehydration pulse, then the seismic character of the megathrust could be directly linked to the availability of fluids due to dehydration reactions. Instead, major dehydration reactions resulting in fluid loss occur at larger depths and thus cannot directly explain our observations (Fig. 11). However, we cannot rule out the possibility that changes in fluids may contribute to the reflectivity (e.g., due to updip migration of fluids, dewatering due to compaction rather than dehydration, etc). However, for Line 3 (Fig. 4A), the weakening of reflectivity just seaward of the first major splay fault strongly implies that reflection strength may be primarily controlled by the change in materials over the megathrust. 
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Figure 11. Thermal modeling overlay from Perry et al., (2016). Earthquake rupture extents in yellow arrows and shallow SSEs in green above in reference to Fig. 2. Pink dotted lines indicate the intersection of Line 4. Black arrows represent the plate boundary reflection. Slab 2.0 (Hayes et al., 2018) is labeled with a black dashed line.
[bookmark: _heading=h.lz45gpszhmjx]
The megathrust reflection coefficients provide insight into the physical properties of the plate interface and what accounts for the downdip changes in reflectivity. Reflection coefficients in the range of ~0.1–0.25 suggest a moderate acoustic impedance contrast between the accretionary prism and the subducting oceanic crust.  The variability of the RC’s could arise from heterogeneity on the plate boundary or uncertainties in the estimation of the RC’s. 
 For the former, this variability would likely reflect changes in plate boundary properties such as lithology, sediment thickness, degree of consolidation, and fluid pressure conditions. Such heterogeneity is consistent with the broader interpretation that the megathrust is not a laterally uniform interface, but instead, has spatial variations that may influence coupling and slip behavior. In the context of the MSZ, these variations may be linked to differences in incoming plate structure, sediment input, or fluid migration pathways.
Comparison with theoretical reflection coefficients derived from impedance supports the interpretation that the reflection primarily arises from the contrast between the accretionary prism and the subducting oceanic crust (Fig. 12). The observed RCmt values (~0.11-0.25) are mostly equal to or slightly lower than those predicted for interfaces between accretionary prism and oceanic crust end members.  Thus, we can account for even the brightest reflections just with the impedance contrast between the accretionary prism and the oceanic crust. This does not preclude the presence of fluids, but they are not required to explain our observations.  
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Figure 12. Theoretical reflection coefficients calculated for interfaces between accretionary prism and two oceanic crust end-members. Prism densities were estimated using Gardner’s velocity-density relationship. Reflection coefficients were calculated for prism velocities ranging from 1.8-2.6 km/s using low-velocity, low-density upper oceanic crust (Vp = 3.1 km/s, ⍴ = 2.6 g/cm³, in green) and high-velocity, high-density (Vp = 4.5 km/s, ⍴ = 2.7 g/cm³, in purple) end members (Kirkpatrick, 1979). Our observed RCmt values is highlighted in orange. 

An important consideration in the reflection coefficient analysis is the uncertainty associated with reflection polarities and amplitude picking. In several shot gathers, the megathrust can be interpreted as either a trough followed by a peak or a peak followed by a trough, depending on the phase of the seismic wavelet and local interference effects. This ambiguity directly affects the amplitudes used to calculate reflection coefficients. Tests performed using amplitudes from different parts of the waveform provide variable results, including sometimes yielding non-physical reflection coefficients (e.g., RCsf > 1). We chose to interpret parts of the waveform that produce stable and physically reasonable values. 
Additional uncertainty with the reflection coefficient analysis may result from local seafloor roughness and topographic variability. The seafloor in the study region is not laterally flat, which can influence reflection amplitudes through variations in incidence angle, focused or defocused seismic energy, and interference from scattered arrivals (Yilmaz, 2001). These effects may contribute to variability in measured amplitudes between adjacent traces and shot gathers. Although averaging amplitudes across five traces reduces some of the variability, seafloor topography remains a potential source of uncertainty in the estimated reflection coefficients. Despite the uncertainties, we think these RC values can still be used for basic tests of controls on reflectivity and suggest that fluids are not required to explain the bright shallow megathrust.

Line 4 provides the opportunity to assess along-strike variations in megathrust reflectivity between the Guerrero Gap and adjacent regions. The northwestern portion of the GSG has brighter reflectivity compared to the rest of Line 4 (e.g., 60-100 km, Fig. 13B). Within the GSG, Line 4 also displays a thicker package of reflectors marking the plate boundary (Fig. 13B). In contrast, the southeastern portion of Line 4, which shows more discontinuous reflectivity, may indicate less coherent plate boundary or reduced fluid content. 
The enhanced reflectivity in the Guerrero Gap may partly reflect true plate boundary properties, such as increased fluids, pore-fluid pressure, and/or entrained sediments on this part of the line.  Additionally, some of the larger reflector packages observed along Line 4 may correspond to a splay fault that either merges with approaches the main plate interface at the location of Line 4. This interpretation may be supported by observations on Line 3 (Fig. 4). If a splay fault is present, it could play an important role in accommodating strain and influencing fluid pathways, which would further complicate interpretations of the plate boundary reflection on Line 4. Finally, we cannot exclude the possibility that out of plane reflections contribute to the appearance of a broad reflection package. Additional analysis is needed to assess whether portions of the signal are influenced by refractions from multiples contributing to the signal. 
The intersection between Lines 3 and 4 provides an opportunity to compare megathrust reflectivity observed in both profiles. At the crossing point, the plate boundary is interpreted at ~8 km depth on both lines, providing independent support for the megathrust. However, reflectivity appears stronger and more laterally continuous on Line 4 than at the corresponding location on Line 3 (Fig. 11 & 13A). This difference may suggest true along-strike variability in plate boundary conditions, differences in imaging geometry between trench-perpendicular and trench-parallel profiles, or from out-of-plane reflections along Line 4. Seismic profiles crossing the MAT from the ¡Me Gusta! Experiment can provide additional support for the presence of a coherent plate boundary reflector in this region.
If enhanced reflectivity in the central to northwestern part of the Guerrero Gap is caused by increased fluids and/or elevated fluid pressures, it could imply a change in the permeability of the overriding plate. Results from offshore of the Mexico subduction zone indicated there is not a large change in subduction zone fluid inputs between the Guerrero Gap and adjacent segments (Acquisto et al., in review), suggesting that a change in drainage may be required to explain changes in fluid on the plate boundary.  Husker et al. (2017) proposed that long-lived magmatism beneath the GSG (blue arrows, Fig. 13A) may have resulted in a less permeable, more mafic forearc crust, which could contribute to the trapping of fluids beneath the plate interface and would lead to elevated pore-fluid pressures and promote deep slow slip. These conditions may influence slow slip behavior by weakening the megathrust through fluid overpressure. If gabbroic crust and trapped fluids are also present shallower in the Mexico subduction zone, it could contribute to the observed plate boundary reflectivity on Line 4. Alternatively, the forearc crust in the Mexico subduction zone is built from a complex history (Ferrari et al., 2012), so compositional variations resulting from other parts of this history could cause changes in permeability and fluid accumulation. 
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(B)
Figure 13. (A) Overview of Line 4 results. Guerrero Seismic Gap (GSG) is in red, dashed in reference to Radiguet et al. (2012) 200-km-long segment, and bold in reference to Cruz-Atienza et al. (2018) and Fig. 4B. Seismic profile intersections are labeled in pink (Fig. 2). Slab 2.0 is labeled with a black dashed line (Hayes et al., 2018). Earthquake rupture extents are in yellow and shallow SSEs are in green from Fig. 2. The plate boundary is represented with a black arrows. Blue arrows are the extent of Husker et al. (2017) long-lived magmatism. (B) Red box highlights greater reflectivity in the northwest part of the GSG.

[bookmark: _heading=h.6lxuc3vrxfln]5.3 Impacts on Slip Behavior
The seismic characteristics observed along Line 3 and Line 4 provide insights into how variations in plate boundary properties and overriding plate structure may influence slip behavior in the Mexico subduction zone. Specifically, downdip and along-strike transitions in interface reflectivity, the distribution of accreted sediments, and differences in incoming plate roughness could have implications for megathrust coupling and the spatial distribution of slow slip events (SSEs) and earthquakes.
Several historical megathrust ruptures overlap with our seismic profiles, including the 2013 Mw 6.2, 1989 Mw 7.0, 1985 Mw 7.6, 1957 Mw 7.6, and 1907 Mw 7.6 events (Fig. 2). In particular, the landward 25 km of Line 3 crosses a series of historic rupture zones (Fig. 11). Updip, recent seafloor geodesy suggests that shallow slow slip may occur west of the Guerrero Gap and cross with Line 3 (Figs. 2, 11; Cruz-Atienza et al., 2025). Line 4 crosses the Guerrero Gap, where offshore slow slip also occurs, and the rupture zones of large earthquakes flanking it to the west and east (Fig. 11). Here, we compare megathrust properties imaged on these lines with slip behavior.
The smooth and continuous plate interface imaged along Line 3 suggests a relatively homogeneous boundary, with minimal disruption from subducting topography such as seamounts or horst-and-graben structures. A smooth plate interface is often associated with a greater potential for large megathrust earthquakes, as it allows for broader, more continuous rupture propagation with fewer heterogeneities that might otherwise interrupt rupture (Wang & Bilek, 2014; Scholz, 2019). In contrast, zones with rougher subducting features such as seamounts or ridges, are more likely to limit rupture propagation or segment earthquakes due to these structural heterogeneities, potentially reducing earthquake size (Wells et al., 2003; Lay et al., 2012, Takemura et al., 2025).  However, megathrust heterogeneity, alone, is unlikely to influence behavior because the megathrust along Line 3 appears to host both seismic rupture at larger depths and slow slip updip (Cruz-Atienza et al., 2025).
On the shallow part of Line 3, where the megathrust is marked by high reflectivity, fluids could be present but they are not required to explain the bright amplitude of this reflection. The lack of subducted trench sediments along Line 3 and the presence of LDRs within the accretionary prism suggest most sediments are being accreted rather than subducted. This structural style is typically associated with fluid expulsion and dewatering, consistent with the observed disruption of the BSR. These features imply that the shallow plate boundary in this region has generally well-drained conditions and limited overpressured fluids, at least at the scale that can be imaged by seismic data. In general, high-permeability pathways created by faulting promote drainage and strengthen coupling, while persistent overpressure that is often associated with sediment subduction, can weaken the shallow interface (Saffer & Bekins, 2006; Bangs et al., 2009). Further downdip, the megathrust is marked by a weak reflection, which implies limited impedance contrasts and fluids. Interestingly, low reflectivity characterizes parts of the megathrust that experience shallow slow slip and earthquake rupture, so plate boundary properties that can be inferred from reflectivity do not appear to differ between the two zones (Fig. 11). 
On Line 4, we observe along-strike variations in plate boundary reflectivity, with the brightest reflectivity in the Guerrero Gap where slow slip occurs and weaker reflectivity elsewhere. These brighter reflections could indicate more fluids, pore-fluid pressure, and/or sediment subduction in the Guerrero Gap compared to adjacent areas, which may contribute to the differences in slip behavior here.  
Overall, when comparing the extent of ruptures and slow slip to our seismic reflection images, there is not a consistent correspondence between slip behavior and plate interface reflectivity. Some sections of the profiles that intersect past rupture zones appear to have lower reflectivity along the plate boundary and some areas that experience slow slip have bright reflectivity which may arise from fluids, but this pattern is not consistent across our profiles. The lack of a systematic relationship highlights the complexity of megathrust properties and suggests that slip behavior may not be directly predicted from reflection character alone. 
At the MSZ, both shallow and deep SSEs have been documented, demonstrating that slow slip can occur across broad portions of the megathrust rather than confined to a single depth range. However, the two types of events differ substantially in magnitude. The recurring deep Guerrero SSEs produce up to ~200 mm of slip and release moment equivalent to Mw 7.5 earthquake (Radiguet et al., 2012; Graham et al., 2017), whereas the shallow SSEs are considerably smaller and spatially more limited (Cruz-Atienza et al., 2025). The occurrence of both deep SSEs and smaller shallow SSEs highlights that slow slip can occur under a range of physical conditions. In many subduction zones, variations of sediment input, fluid pressure, permeability, rigidity, and incoming plate roughness have been proposed as key controls on slip behavior, yet these factors do not show a consistent one-to-one relationship with observed SSEs globally. Overall, the shallow and deep SSEs in Mexico highlights the need to consider combined and spatially variable controls rather than a single dominant mechanism when interpreting megathrust slip behavior. 

[bookmark: _heading=h.f5acao8udqde]6.0 Conclusion
This study investigates the physical controls on megathrust behavior along the Guerrero segment of the MSZ. Using MCS data from the 2022 ¡Me Gusta! Experiment, we examined the relationships between incoming plate structure, sediment input, plate interface reflectivity, and overriding plate composition to understand the correlation that produces slow and fast slip.
Our MCS data reveal that the plate boundary offshore Acapulco is remarkably smooth and homogeneous near the trench, lacking topographic disruptions such as seamounts or horst and grabens. This smooth interface—combined with thin trench sediments and limited subduction of sediment—suggests sediment accretion and possibly stronger coupling. However, downdip reflectivity weakens dramatically and crustal structure may indicate the transition from accretionary prism to continental crystalline basement or absence of fluids. 
Along-strike comparisons using Line 4 show variations in reflectivity across the GSG, with brighter reflections concentrated in the northwest—potentially associated with the presence of more fluids, enhanced overpressures, and/or more sediment subduction (Husker et al., 2017). These structural and hydrologic conditions align with known zones of SSE activity, but the relationship is not consistent throughout the study area. Our results indicate that plate boundary reflectivity is highly variable along the MSZ and does not show a one-to-one correspondence with either slow slip or earthquake rupture. Reflectivity therefore provides important information about megathrust structure and physical controls but is not, by itself, a reliable predictor of slip behavior. 
By integrating seismic reflection imaging with geophysical interpretations and geological context, this work supports that megathrust behavior is controlled by a combination of sediment input, plate interface smoothness, pore-fluid pressures, and crustal heterogeneity. These factors interact to produce a spectrum of slip behavior, from fully locked, earthquake segments to creeping regions dominated by SSEs. These findings from the MSZ contribute to assessing seismic hazards in Mexico and also improve our understanding of how subduction zone structure influences slip behavior.
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