
Annual Review of Earth and Planetary Sciences

Architectural and Tectonic
Control on the Segmentation
of the Central American
Volcanic Arc
Esteban Gazel,1 Kennet E. Flores,2,3

and Michael J. Carr4
1Department of Earth and Atmospheric Sciences, Cornell University, Ithaca, New York 14853,
USA; email: egazel@cornell.edu
2Department of Earth and Environmental Sciences, Brooklyn College of the City University of
New York, Brooklyn, New York 11210, USA
3Department of Earth and Planetary Sciences, American Museum of Natural History,
New York, NY 10024, USA
4Department of Earth and Planetary Sciences, Rutgers University, Piscataway,
New Jersey 08854, USA

Annu. Rev. Earth Planet. Sci. 2021. 49:495–521

First published as a Review in Advance on
January 27, 2021

The Annual Review of Earth and Planetary Sciences is
online at earth.annualreviews.org

https://doi.org/10.1146/annurev-earth-082420-
055108

Copyright © 2021 by Annual Reviews.
All rights reserved

Keywords

Central America, subduction, volcanic arc architecture, volcanic arc
segmentation

Abstract

Central America has a rich mix of conditions that allow comparisons of dif-
ferent natural experiments in the generation of arc magmas within the rel-
atively short length of the margin. The shape of the volcanic front and this
margin’s architecture derive from the assemblage of exotic continental and
oceanic crustal slivers, and later modification by volcanism and tectonic ac-
tivity. Active tectonics of the Cocos-Caribbean plate boundary are strongly
influenced by oblique subduction, resulting in a narrow volcanic front seg-
mented by right steps occurring at ∼150-km intervals. The largest volcanic
centers are located where depths to the slab are∼90–110 km.Volcanoes that
develop above deeper sections of the subducting slab are less voluminous and
better record source geochemical heterogeneity. Extreme variations in iso-
topic and trace element ratios are derived from different components of the
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subducted oceanic lithosphere. However, the extent that volcanoes sample these signatures is also
influenced by lithospheric structures that control the arc segmentation.

� The architecture of Central America derives from the assemblage of exotic continental and
oceanic crustal slivers modified by arc magmatism and tectonic processes.

� Active tectonics in Central America are controlled by oblique subduction.
� The lithospheric architecture and tectonics define the segmentation of the volcanic front,

and thus the depth to the slab below a volcanic center.
� The composition of the subducted material is the main control of the along arc geochemical

variations observed in Central American volcanoes.
� Geochemical heterogeneity in each segment is highlighted by extreme compositions repre-

senting the smaller centers with variations up to 65% of the total observed range.

1. INTRODUCTION

The geochemical evolution of Earth is controlled by element recycling in subduction zones. The
breakdown of hydratedminerals during subduction results in fluids enriched in large ion lithophile
(e.g., Rb, Ba, U, Pb, Sr) and other incompatible elements (e.g., Elliott et al. 1997, Manning 2004,
Plank & Langmuir 1998). Together with sediment and slab melts, these fluids lower the solidus
and viscosity of the mantle wedge, resulting in arc magmas (Plank & Langmuir 1993, Plank et al.
2009,Ryan&Chauvel 2014), building volcanic arcs as the surface expression of this global process.
The filter effect of recycling in subduction zones is also critical to the element fractionation that
controls the geochemical composition of the continental crust as well as the diversity of deep
mantle sources sampled by intraplate volcanoes (Gazel et al. 2015,Hofmann 1997,Kelemen 1995,
Mazza et al. 2019, Ryan & Chauvel 2014).

Although all convergent margins have unique characteristics based on their geologic history,
Central America has a distinctly rich mix of conditions that allow comparisons of different natural
experiments within the margin’s relatively short span, from the Mexico-Guatemala border to cen-
tral Costa Rica.Active tectonics of theCocos-Caribbean plate boundary are strongly influenced by
oblique subduction (e.g., Álvarez-Gómez et al. 2019, DeMets et al. 2000), resulting in six narrow
volcanic front segments (Guatemala, El Salvador, NW Nicaragua, SE Nicaragua, N Costa Rica,
and central Costa Rica) separated by right steps occurring at ∼150-km intervals (Stoiber & Carr
1973). The geochemical indicators of subducting sediments (e.g., Ba/La,U/Th, and 10Be/9Be) de-
fine a maximum in NW Nicaragua and a minimum in central Costa Rica (Carr et al. 1990, 2003;
Leeman et al. 1994). Finally, the lavas in the central Costa Rica volcanoes represent some of the
most trace element–enriched lavas in the planet, with a clear ocean island basalt–like signature
resulting from the interaction with subducting Galápagos tracks (e.g., Gazel et al. 2009, 2011;
Hoernle et al. 2008).

The exceptional features of Central America made it the focus site of the National Science
Foundation (NSF) MARGINS program and the German Science Foundation Collaborative Re-
search Center (SFB 574), significantly expanding our knowledge of subduction systems, probably
like no other arc on the planet.While these initiatives resulted in exciting discoveries on the mod-
ern volcanic front and its connection to the subduction factory, there is still a lack of integration of
decades of geochemical and seismic research on the Central American Volcanic Arc with its litho-
spheric architecture and tectonic evolution.Here we produce a synthesis of the tectonic units that
build the architecture and record the geologic evolution of Central America based on modern
40Ar/39Ar, U–Pb, and radiolarian ages.We also produce a review of the modern seismic studies of
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the structure of the subduction system, the overriding crust, and the active tectonics of the mar-
gin. Finally, we examine the role of the architecture and active tectonics in the segmentation of
the modern volcanic front, its control on vent distribution, volcano volume, and implications for
the generation of the famous extreme geochemical variations along Central American volcanoes.

2. ARCHITECTURE AND TECTONIC EVOLUTION

The Central American Volcanic Arc developed in a tectonic puzzle of continental and oceanic
crust represented by four domains: (a) North American Plate continental slivers, (b) theGuatemala
Suture Zone (GSZ), (c) continental fragments within the Caribbean Plate, and (d) paleo-Pacific
accreted oceanic complexes [serpentinite bodies and slivers of mid-ocean ridge basalts (MORBs),
oceanic plateaus, and hotspot tracks]. Here we describe 25 distinct geotectonic units and their
record of tectonic processes that together build the architecture of Central America (Figures 1
and 2).

Continental crust sequences that represent the southernmost extent of the North American
Plate (Figures 1b and 2) were classically grouped as theMaya Block (Dengo 1969, 1985; Donnelly
et al. 1990). Recent studies suggest that four distinctive geotectonic units make up the architec-
ture of this block: Chiapas,Maya, Izabal, and Jacalteco (Figures 1a and 2). The Chiapas andMaya
Units share similar ∼482–400Ma basement complexes (Estrada-Carmona et al. 2012; Solari et al.
2010, 2013; Steiner &Walker 1996) as well as Late Paleozoic to Cenozoic overlapping sequences.
Nevertheless, the discovery of ∼1.0–0.9 Ga boudins and inliers of crystalline rocks within the
Chiapas metamorphic sequence (Cisneros de León et al. 2017, Weber et al. 2018) suggests that
this unit shares a common origin with an orogenic event recorded in the Mexican continental
terranes (Ortega-Gutiérrez et al. 2018). TheMaya Unit is associated with a Pan-Africa/Brasiliano
origin, supported by the∼545Ma shocked zircons foundwithin theCretaceous–PaleogeneChicx-
ulub impact crater ejecta (Krogh et al. 1993) (Figure 2). Late Silurian–Early Devonian sequences
from the southern Maya Unit also record an input from mid-Proterozoic complexes similar to
those found in NW Amazonia and Mexico (Martens et al. 2010, Weber et al. 2012). An ∼70 Ma
blueschist metamorphic facies overprint on Ordovician granites in central Guatemala implies that
some sections of this unit underwent subduction during the Late Cretaceous (Solari et al. 2013).

The GSZ contains the present North American-Caribbean plate boundary (Figure 1). This
E-W trending transform plate boundary accommodated at least ∼1,100 km of left-lateral, strike-
slip motion over the past∼50–45Ma since the Cayman spreading center opened in the Caribbean
(Leroy et al. 2000, Rosencrantz et al. 1988). This plate boundary separates the GSZ into the Izabal
and Jacalteco geotectonic units to the north and Copán geotectonic unit to the south (Flores et al.
2013). The Izabal Unit includes a series of Early Cretaceous ophiolite slivers thrusted northward
over the Jacalteco and Maya Units (e.g., Beccaluva et al. 1995). The Jacalteco Unit is separated
from the Maya Unit by a thrust zone and includes mylonitic gneiss and schists, with relicts of
eclogites and amphibolites (e.g., Ortega-Gutiérrez et al. 2007). These high-grade metamorphic
sequences are thrust northward by superposed sheets of serpentinite-matrix mélanges with blocks
of eclogites, blueschist, jadeitites, and amphibolites (Harlow et al. 2004). The high-grade schist
and gneiss sequences yielded protolith crystallization ages of ∼450–440 Ma (Solari et al. 2011),
similar to counterpart rocks of the Maya Unit (Figure 2). Subduction-related, high-pressure–
low-temperature (HP-LT) metamorphic rocks within both units record ages of ∼101–65 Ma and
∼131–53Ma, respectively (Brueckner et al. 2009,Flores et al. 2013,Harlow et al. 2004,Maldonado
et al. 2018, Martens et al. 2012). The tectonic association of polymetamorphosed continental
rocks, the record of HP-LT metamorphic facies, and obducted ophiolite sequences imply a colli-
sion in the Late Cretaceous of an island arc with the southern region of the North American Plate.
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(a) Current tectonic
scenario of the Central
American Volcanic
Front. (b) Geotectonic
units of Central
America and the
western Caribbean.
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Figure 2

Correlation chart for the geologic record of the Central America geotectonic units. Note the timeline distribution of magmatic
provinces and geologic features associated with accretion and collisional events. Key references and geochronological data are discussed
in Sections 2 and 3. Abbreviations: Bau, Baudó; BeR, Beata Ridge; Chi, Chiapas; Cho, Chortís; CoB, Colombian Basin; Cop, Copán;
CoT, Colombian Trench; Iza, Izabal; Jac, Jacalteco; LNR, Lower Nicaraguan Rise; May, Maya; Mes, Mesquito; Nic, Nicoya; Pat,
Patuca; PBR, Southern Panama Boundary Ridge; PiB, Pijijiapan Basin; PRB, Punta Remedios Basin; SaB, Sandino Basin; SaE, Santa
Elena; SJC, San Jose Canyon; Tal, Talamanca; TeG, Tehuantepec Gulf; Tib, Tiburon; VeB, Venezuelan Basin.

Rock sequences from the northwestern margin of the Caribbean Plate were classically grouped
as Chortís blocks and ascribed as continental in nature (Dengo 1969, 1985; Donnelly et al. 1990).
Recent studies suggest that the architecture of this block is composed of the Copán, Chortís,
Patuca, and Mesquito geotectonic units (Figures 1b and 2). An origin in southern Mexico for
these complexes is the most accepted model, although South American and paleo-Pacific origins
are also possible (Flores & Gazel 2020). The Motagua (San Agustín/Cabañas-Jubuco-Cuyamel)
and Jocotán ( Jocotán-Chamelecón-La Ceiba-Aguán) fault systems limit the Copán Unit to the
north and south, respectively. This unit consists of ∼555–520 Ma low-grade metasedimentary se-
quences (Torres-de León et al. 2012) (Figure 2). These sequences are thrusted by tectonic slivers
of high-grade polymetamorphic sequences, metavolcanic bodies and associated metasediments,
and serpentinite mélanges. The high-grade polymetamorphic sequences yielded an ∼400 Ma
protolith age and Late Cretaceous–Paleogene metamorphic ages (Ratschbacher et al. 2009). The
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metavolcanic bodies and associated metasediments include accretionary sequences with Late
Jurassic paleo-Pacific radiolarian fauna (Chiari et al. 2006). This paleontological age is closer
to the ∼156–155 Ma metamorphic ages from the metasediments but older than the ∼130 Ma
igneous age recorded in an oceanic basaltic sliver (Geldmacher et al. 2007, Ratschbacher et al.
2009) (Figure 2). The serpentinite-matrix mélanges contain blocks of eclogites, blueschist, and
jadeitites, with ages ranging from ∼158 to 113 Ma (Brueckner et al. 2009, Flores et al. 2013,
Harlow et al. 2004, Tsujimori et al. 2006).

The Jalan and Guayape faults in central Honduras define the boundary between the Chortís
and Patuca geotectonic units. These units share similar Mesozoic–Cenozoic volcano-sedimentary
overlapping sequences. However, ∼1,017 Ma orthogneiss and ∼404–396 Ma metagranites and
schists make the basement sequences of the Chortís Unit (Manton 1996, Ratschbacher et al. 2009)
(Figure 2), while the age of basement sequence of the Patuca Unit is still not well constrained.
Nevertheless, a potential Neoproterozoic to Early Paleozoic origin is consistent with dominating
U–Pb zircon-age populations of ∼650–500 Ma and ∼400 Ma within Jurassic sandstones from the
overlapping sequence (Flores & Gazel 2020, Molina-Garza et al. 2019).

The Mesquito geotectonic unit was initially defined as a composite terrane of paleo-Pacific
origin that accreted to the Chortís and Patuca Units during the Cretaceous. Based on new stud-
ies, the architecture of this unit can be divided into seven distinct geotectonic units: the Mesquito,
Santa Elena, San Jose Canyon, Tehuantepec Gulf, Pijijiapan Basin, Punta Remedios Basin, and
Sandino Basin (Figures 1b and 2). The Mesquito Unit outcrops south of Patuca, with a bound-
ary located between Bocay and Siby fault systems in NE Nicaragua (Flores & Gazel 2020). In the
northern section of this unit, the basement sequence consists of serpentinite mélanges that include
meta-igneous and sedimentary sequences that record greenschist to eclogite-facies. Radiolarites
associated with the greenstones contain Middle Jurassic radiolarians, and the HP-LT metamor-
phic blocks yielded ages of ∼149–131 Ma (Baumgartner et al. 2008, Escuder-Viruete et al. 2019,
Flores et al. 2015). The rock sequences within the northern Mesquito Unit are synchronous to
oceanic counterparts in the Copán Unit, suggesting a similar origin along the paleo-Pacific sub-
duction zone. However, a major tectonic rearrangement was responsible for their structural jux-
taposition, Copán to the north and Mesquito to the south of the continental slivers of Chortís
and Patuca (Figures 1b and 2). The southern section of the Mesquito Unit consists of highly
deformed serpentinites and slivers of accreted hotspot tracks with Late Triassic paleo-Pacific ra-
diolarites (Baumgartner et al. 2008).

The Santa Elena, San Jose Canyon, and Gulf of Tehuantepec geotectonic units compose more
than 70% of the convergent margin between the Caribbean and Cocos Plates, making up most of
the current modern forearc segment. Almost all their extensions are underwater, reducing their
exposure to the Santa Elena peninsula in Costa Rica, Deep Sea Drilling Project (DSDP) Legs 67
and 84 in the San Jose Canyon, and one borehole in the Tehuantepec Gulf (Figures 1b and 2).
The Santa Elena Unit includes tectonic slivers of ∼177–174 Ma intraplate basalts, Early Jurassic
to Early Cretaceous radiolarites, and trench-filling sediments (Bandini et al. 2011, Buchs et al.
2013). A massive ultramafic body intruded by ∼131–116 Ma pegmatitic gabbros and diabases
tectonically overlies this sequence (Baumgartner &Denyer 2006,Gazel et al. 2006,Madrigal et al.
2015). The basement of DSDP Legs 67 and 84 boreholes in the San Jose Canyon Unit consists of
serpentinites and basaltic slivers that yielded ages ranging from ∼219 to 80Ma (Geldmacher et al.
2008) (Figure 2). The base of the SC-1 borehole in the Gulf of Tehuantepec Unit is composed
of a Late Cretaceous conglomerate containing volcanic and tonalitic blocks (Sanchez-Barreda
1981). The Mesquito, Santa Elena, and San Jose Canyon’s southern section contains equivalent
synchronous sequences that indicate a long-lived accretion cycle during theMid–Late Cretaceous
(Figure 2).
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The Pijijiapan, Punta Remedios, and Sandino geotectonic units are extensional,
nonaccretionary-type, forearc basins (e.g., Noda 2016). The limited boreholes in these units
yielded Late Cretaceous–Cenozoic sedimentary sequences. However, the base section of the
Rivas-1 borehole in the Sandino Unit contains basaltic rocks and volcaniclastic sediments (INE
1995) that are likely an equivalent to the sequences of the Santa Elena Unit.

Slivers of paleo-Pacific oceanic plateaus build the basement of the Nicoya, Talamanca, Colom-
bian Basin, Tiburon, Beata Ridge, Venezuelan Basin, and Lower Nicaraguan Rise geotectonic
units (Figures 1b and 2). These units were formerly grouped into the Chorotega and Chocó
blocks (Escalante 1990). Nevertheless, modern studies shed light on distinct paleo-Pacific origins
and a complex tectonic history (Madrigal et al. 2016). The ∼95–83 Ma Caribbean Large Igneous
Province (CLIP) composes most of this domain.This oceanic plateau is interpreted as the onset of
the Galápagos Plume that collided with Central and South America during the Late Cretaceous,
resulting in accretion (e.g., Hauff et al. 2000; Sinton et al. 1997, 1998). Extensive geochemistry
and geochronological studies in the Nicoya Unit show a record of older oceanic plateau basalts
of ∼140–133 Ma, ∼118–111 Ma, ∼93–88 Ma, and ∼84–77 Ma, which must require other paleo-
Pacific sources (Hoernle et al. 2004, Madrigal et al. 2016, Whattam et al. 2016). Additionally,
widespread Middle Jurassic to Lower Cretaceous radiolarites suggest an older oceanic basement
for this unit (Denyer & Baumgartner 2006). The occurrence of basalts of ∼114–105 Ma within
the Talamanca, Tiburon, and Beata Ridge Units (Lissinna 2005, Loewen et al. 2013, Révillon
et al. 2000) implies that older oceanic plateau events are also recorded in this domain (Figure 2).
Youngermagmatic events include the∼81–71MaBeata Ridge and∼55–56MaLowerNicaraguan
Rise (Dürkefälden et al. 2019, Révillon et al. 2000, Sinton et al. 2000).

The Osa, Southern Panama Boundary Ridge, Baudó, and Colombia Trench constitute a
domain of Cretaceous–Cenozoic (∼84–21 Ma) accreted oceanic slivers, which includes sec-
tions linked to older Galápagos hotspot tracks such as the modern Cocos and Malpelo Ridges
(Figures 1b and 2). Sedimentary sequences overlapping the Osa Unit suggest that accretion ini-
tiated during the Eocene (Hoernle et al. 2002, Kerr et al. 1997, Lissinna 2005, Trela et al. 2015).

3. VOLCANIC ARC RECORD IN CENTRAL AMERICA

Central America contains an extensive record of volcanic arc–related rocks since the Permian
that define six main magmatic provinces: (a) Permian–Triassic, (b) Jurassic–Berriasian, (c) Aptian–
Ypresian, (d) Maastrichtian–Bartonian, (e) Oligocene–Pliocene, and ( f ) Quaternary (Figure 2).

The Permian–Triassic and Jurassic–Berriasian magmatic provinces occur on the continental
geotectonic units (Figures 1b and 2). The Permian–Triassic province consists of arc-related de-
formed granitoids and gneiss that yielded ages of ∼283–215 Ma (Ratschbacher et al. 2009,Weber
et al. 2007). In contrast, the Jurassic–Berriasian magmatic province includes rift-related conti-
nental volcanic sequences of ∼196–140 Ma (Flores & Gazel 2020, Godínez-Urban et al. 2011,
Ratschbacher et al. 2009). These two magmatic provinces suggest a changing tectonic scenario
that evolved from a Cordilleran system to an extensional cycle associated with the opening of
backarc basins such as the proto-Caribbean and the Gulf of Mexico (Flores 2009, Madrigal et al.
2016) (Figure 3a,b).

Several slivers of paleo-Pacific Mesozoic island arc volcanic associations with Jurassic radio-
larites occur within the Copán and Mesquito Units (Figure 2) and within in the GSZ (Flores
et al. 2015). Equivalent units in the DSDP Leg 84 site 567A in the San Jose Canyon Unit yielded
∼182 Ma (Geldmacher et al. 2008). Younger paleo-Pacific island arc sequences are also recorded
in the Santa Elena Unit (125–110Ma),DSDP Leg 67 site 494 (∼112Ma), and DSDP Leg 84 sites
567A and 569A (∼83–80 Ma) (Geldmacher et al. 2008, Hauff et al. 2000, Whattam et al. 2016).
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Figure 3 (Figure appears on preceding page)

Kinematic plate tectonic reconstruction for Central America. (a) Final magmatic stage of the Permian–Triassic province within the
Cordilleran orogenic system in the western margin of Gondwana supercontinent ca. 230 Ma. (b) Jurassic–Berriasian magmatic province
localities along the rifted region and the active margin of the Chortís Plate ca. 154 Ma. Magmatic rocks from this province indicate the
collapse of the Cordilleran Orogeny, which triggered extension of backarc basins in the Americas. These tectonic events are
synchronous to the opening of the central Atlantic, proto-Caribbean, and Gulf of Mexico, as the accretion/collision of island arc
systems. (c) The onset of the Aptian–Ypresian magmatic province along the southern margin of the Chortís Plate ca. 112 Ma. During
this time, a back-inversion triggered westward subduction of the Americas backarc basins, and second accretion/collision of an island
arc system occurred along the paleo-Pacific margin of the Americas. (d) Maastrichtian–Bartonian magmatic province arc initiation
along the SW margin of the Caribbean Plate ca. 68 Ma. This magmatic onset predates the closure and suturing of the Americas backarc
basins and the collision/docking of the Caribbean LIP into the Americas. (e) Oligocene–Pliocene magmatic province onset along the
western margin of the Caribbean Plate ca. 20 Ma. Abbreviations: GDU, geodynamic unit; LIP, large igneous province. Figure adapted
from Flores (2009) and Flores & Gazel (2020).

These arc slivers are interpreted as the record of the collision of exotic paleo-Pacific island arcs,
or arc sequences obducted during the closure of a local backarc basin (Flores 2009, Flores et al.
2015) (Figure 3b,c).

Flores & Gazel (2020) defined the Aptian–Ypresian (∼124–50 Ma) magmatic province as a
sequence of calc-alkaline volcanic and intrusive rocks (Figure 2). This province occurs in the
Chortís, Patuca, and Mesquito Units, and it marks the initiation of a volcanic arc system that
postdates the collisions in the southern margin of Patuca and subsequent exhumation of HP-
LT rocks in northern Mesquito (Flores et al. 2015). The presence of Late Cretaceous–Paleogene
ignimbrites, tuffs, and andesite-bearing conglomerates likely extends this province to the Santa
Elena and Nicoya Units (Figures 2 and 3c).

The Maastrichtian–Bartonian magmatic province occurs in the CLIP’s southern margin in
the Talamanca Unit (Figures 1 and 2). This magmatic sequence consists of ∼71–39 Ma volcanic
and intrusive rocks of tholeiitic and minor calc-alkaline compositions, where the oldest rocks are
interpreted as the record of subduction initiation in this tectonic unit (Montes et al. 2012,Wegner
et al. 2011). Even though the Aptian–Ypresian and Maastrichtian–Bartonian magmatic provinces
contain sequences of similar age, there is no evidence that both arc systems formed in the same
subduction system or that they were ever connected (Figures 2 and 3d).

The Oligocene–Pliocene and Quaternary magmatic provinces define the modern volcanic arc
system in Central America (Flores & Gazel 2020). The Oligocene–Pliocene province (Figures 2
and 3e) is distributed in almost all the geotectonic units of the study area and displays a general
migration of magmatic activity toward the trench since the Miocene, which is attributed to the
Cocos Plate slab rollback (Saginor et al. 2011). In contrast, almost all modern volcanic centers
of the Quaternary active volcanic front are restricted to the Chortís, Sandino Basin, Santa Elena,
and SW area of Colombian Basin units (Figure 1b). Middle to late Miocene contractional de-
formation records the change from oblique to orthogonal subduction of the Cocos Plate below
the Caribbean Plate (Mescua et al. 2017) (Figure 3e), which culminated with the collision of the
Central American arc with South America ∼7.1 Ma (Coates et al. 2004). While the origin of the
Talamanca Unit is oceanic, this unit evolved into a juvenile continental block since the Miocene
because of the interaction with Galápagos tracks, which resulted in a thick (>30 km) and buoy-
ant crust, with a clear continental crust geochemical signature (Gazel et al. 2009, 2015, 2019)
(Figure 4a).

4. THE ACTIVE VOLCANIC FRONT

Most volcanic activity in Central America occurs along the narrow volcanic front that arises above
the subducting Cocos Plate slab. Volcanoes on top of the Cocos Plate are closely spaced and
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Volcanic segments and tectonics of Central America. (a) Residual bathymetry and gravity map of subduction zones from Bassett &
Watts (2015). (b) Kinematic model from Álvarez-Gómez et al. (2019). The dashed lines represent the boundaries of the geotectonic
units detailed in Figures 1 and 2. The white arrows represent the sense of motion for extension, shortening, and strike-slip
displacement in the colored zones. The pink arrows display the horizontal motion of the specific geotectonic units in the forearc region.
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active, whereas the volcanoes arising from the Nazca-Panama convergence are widely spaced and
dormant. Calk-alkaline magmas dominate the volcanic front, but there are also isolated alkaline
fields in the backarc of Honduras, Nicaragua, and Costa Rica and on top of the subduction of the
Panama Fracture Zone (Gazel et al. 2011, Heydolph et al. 2012). In this section, we focus on the
active volcanic front and its relation with the subducting slab, the lithospheric architecture, and
active tectonics.

The Cocos-Caribbean oblique subduction has strongly influenced the active tectonics along
themodern convergent margin, resulting in the volcanic front’s segmentation into six narrow frag-
ments (Figure 4).Right steps occurring at∼150-km intervals separate these segments:Guatemala,
El Salvador, NW Nicaragua, SE Nicaragua, N Costa Rica, and central Costa Rica (Stoiber &
Carr 1973). The Guatemala and El Salvador segments occur in the western margin of the Chortís
Unit. The volcanic activity in the Guatemala segment ends at the boundary with the Polochic-
Motagua Fault Zone at the North American-Caribbean transform plate boundary (Figures 1 and
4). The El Salvador segment is located in the western margin of the El SalvadorMedian Trough, a
less geomorphologically prominent continuation of the Nicaraguan Depression (Carr 1976, Funk
et al. 2009) (Figure 4a). The NW and SE Nicaraguan segments occur within the Sandino Basin
Unit and the Nicaraguan Depression (Figure 4). The N Costa Rica volcanic segment sits on the
boundary of the Sandino Basin,Mesquito, and Santa Elena geotectonic units. In contrast, the cen-
tral Costa Rica segment occurs in the western margin of the Colombian Basin geotectonic unit
and is limited on the northwest by an inland structure parallel to the Hess Escarpment and on the
southeast by the Central Costa Rica Deformed Belt (Figure 4).

4.1. Tectonic Inheritance, Active Faulting, and Vent Distribution

The pioneering application of plate tectonics to Central America by Molnar & Sykes (1969) esti-
mated aN30°E convergence for theCocos-Caribbean plate boundary, consistent with the slip vec-
tors of thrust earthquakes. Global models of plate kinematics including NUVEL-1 (DeMets et al.
1994) provided a similar result, but the motion of the Caribbean Plate was unconstrained. With
the arrival of the Global Positioning System (GPS), this problem was resolved (e.g., DeMets et al.
2000), constraining the current Cocos-Caribbean pole of rotation and supporting the observation
that the slip vectors of thrust earthquakes along the Cocos-Caribbean margin are deflected about
10° clockwise from the plate convergence direction. This deflection results from the partition of
Cocos-Caribbean plate convergence into a trench normal component and an oblique component.

Destructive earthquakes occurred in a narrow zone along the volcanic front, creating a bound-
ary that isolates the forearc geotectonic units (Santa Elena, San Jose Canyon, and the Gulf of
Tehuantepec) from the Caribbean Plate (Figures 1 and 4b). The forearc is migrating approxi-
mately N60°W at a rate of 12–14 mm/year (Álvarez-Gómez et al. 2019,DeMets 2001). LaFemina
et al. (2009) found lower velocities and an increase from 7.7mm/year in Costa Rica to 8.8mm/year
in El Salvador. Kobayashi et al. (2014) suggested that the impact of the Cocos Ridge into southern
Costa Rica is the cause of tectonic forearc escape at a rate of ∼11 mm/year westward. The forearc
motion is accommodated by shallow earthquakes along the volcanic front, the largest of which
have magnitudes generally less than 6.5, posing a significant hazard due to their shallow depth
and proximity to population centers, and because they are sometimes accompanied by volcanic
eruptions (Alvarado et al. 2017).

There are large variations in how the oblique or trench parallel component is accommodated
by interactions of large volcanic centers, active faults, and tectonic boundaries (Figure 4). In
central Guatemala, northern Honduras, and western El Salvador, the proximity to the North
American-Caribbean plate boundary, defined by the E-W striking Polochic-Motagua fault sys-
tems (Figures 1a and 4), leads to the formation of extensional regions characterized by N-S
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grabens (Álvarez-Gómez et al. 2019) and the termination of the volcanic front (Figure 4b). These
grabens aremajor structures hosting destructive earthquakes and accommodating up to 8mm/year
of E-W extension (Guzmán-Speziale 2010). Trench parallel strike-slip faults are not obvious in
most of the Guatemala volcanic segment, but the prominent right-lateral strike-slip Jalpatagua
fault (Carr 1976) in southeastern Guatemala likely accommodates the trench parallel motion in
that segment of the arc. Stratovolcanoes in Guatemala form short N-S alignments with strong
geochemical gradients (Halsort & Rose 1991). Major silicic eruptions occur north of the strato-
volcanoes, and there is an apparent progression of activity to the youngest, most active volcanoes
at the southern end of these alignments (Rose et al. 1999). Several major grabens in northern Cen-
tral America have diffuse areas of backarc volcanism, including cinder cone fields, fissure vents,
and small shield volcanoes (Walker & Gazel 2014).

The volcanic segment in El Salvador has a lesser degree of obliquity, and the trench paral-
lel motion occurs on the El Salvador Fault Zone, a broad discontinuous dextral strike-slip fault
system parallel to the volcanic front and just north of it (Martínez-Diíaz et al. 2004). Corti et al.
(2005) defined en échelon right-lateral strike-slip fault segments oriented E-W and a slip rate of
∼11 mm/year for the El Salvador Fault Zone (Figure 4b). Volcanic activity is spatially confined
to the fault segments and absent in the intervening pull-apart basins.

Canora et al. (2014) defined rates for the El Salvador Fault Zone of approximately 3 and
6 mm/year. Their analysis of the active faults indicates a transtensional stress regime for the cur-
rent activity. However, the presence of several large fault scarps is inconsistent with that deforma-
tion and requires an earlier period of extension and development of a graben structure (Figure 4b).
Canora et al. (2014) proposed that El Salvador underwent a similar geodynamic evolution as pro-
posed byWeinberg (1992) for the Nicaraguan Depression: an initial phase of extension normal to
the arc causing arc-parallel depressions, followed by the present arc-parallel right-lateral strike-
slip system. This proposed evolution is consistent with analog experiments (Alonso-Henar et al.
2014). Tectonically, the El Salvador segment and Tecuamburro and Moyuta volcanoes from the
Guatemala segment locate in the western margin of the El Salvador Median Trough, a continua-
tion of the Nicaraguan Depression (Funk et al. 2009) (Figure 4) .

In Nicaragua, obliquity is at a maximum, and yet arc-parallel strike-slip faults are either not
present or inactive and buried by young volcanic deposits (LaFemina et al. 2002). Several de-
structive earthquakes occurred on faults that strike transverse to the margin. Earthquake after-
shock zones and focal mechanism determinations find strike-slip faulting andN-S striking normal
faults (Alvarez et al. 2018). Most Nicaraguan earthquakes and active volcanoes occur within the
Nicaraguan Depression along the narrow zone occupied by the volcanic front. The earthquakes
along the volcanic front cluster in swarms, sometimes accompany eruptions, and occur onNW-SE
and N-S faults. Few earthquakes occur along the margins of the Nicaraguan Depression, and they
preferentially have N-S striking normal fault mechanisms (Alvarez et al. 2018). Areas of active
extension coincide with the right step between the SE and the NE Nicaragua volcanic segments
(Figure 4). The best example is the Managua Graben (e.g.,Weinberg 1992), but Lake Nicaragua
and the Gulf of Fonseca also may have extensional structures given that they are the lowest points
along the Nicaraguan Depression (Stoiber & Carr 1973).

Weinberg (1992) inferred a three-phase neotectonic history for Nicaragua from the analysis of
outcrop to macroscale structures. The earliest phase (Late Miocene to early Pliocene) is defined
from arc parallel anticlines along the Pacific coastal plane and indicated arc normal compression;
the second phase (Pliocene–Pleistocene) was arc normal extension that created the Nicaraguan
Depression, a half graben extending the length of the Nicaraguan Margin. The present phase is
dominated by strike-slip faulting with a right-lateral node parallel to the margin and a left-lateral

506 Gazel • Flores • Carr

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
21

.4
9:

49
5-

52
1.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 M
as

sa
ch

us
et

ts
 In

st
itu

te
 o

f T
ec

hn
ol

og
y 

(M
IT

) o
n 

08
/0

4/
21

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



node normal to the margin. The present stress field is consistent with a forearc sliver moving
NW, but evidence for actual arc parallel faults is lacking (Figure 4). There is abundant evidence
for left-lateral strike-slip faulting normal to the arc but only in the narrow zone of the volcanic
front. Efforts to reconcile the actual faulting with the GPS evidence of northwest movement of
a forearc sliver have called upon variants of bookshelf faulting (Cailleau et al. 2007, LaFemina
et al. 2002), but the strike-slip faults bounding classic bookshelf fault blocks are absent. Alvarez
et al. (2018) noted that there are many transverse left-lateral faults in the Nicaraguan Depression
and suggested a nearly continuous distribution of transverse faults that link to the margins of the
Nicaraguan Depression with normal faults.

The N Costa Rica volcanic segment has a similar assemblage of neotectonic features, a nar-
row volcanic front with associated active faulting including N-S extensional features such as sev-
eral vent alignments and arc parallel right-lateral strike-slip earthquakes in western Costa Rica
(Marshall et al. 2000, Montero et al. 2017) (Figure 4b). Nevertheless, the main arrangement of
vents is consistent with the strike of the boundary between the Nicoya, Santa Elena, andMesquito
geotectonic units (Figures 1 and 4b). Arenal is the only active volcano between N Costa Rica and
central Costa Rica, in an ∼70-km section of decrease in volcanic activity that maps the change
to subduction of crust overprinted by Galápagos tracks. In the central Costa Rica segment, the
impact of the Cocos Ridge (e.g., Kobayashi et al. 2014), the proximity of the Nazca Plate, and
the development of a nascent convergence zone in the North Panama Deformed Belt resulted in
more complex tectonics.Magma production in central Costa Rica is significant and resulted in vo-
luminous volcanic centers culminating with the Irazu-Turrilaba twin volcanic centers (Gazel et al.
2019).Themain vents keep aNW-SE orientation, andmultiple secondary vents are arrangedN-S
of the main structures. The Central Costa Rica Deformed Belt (Marshall et al. 2000) defines the
southeastern edge of the Caribbean Plate and places the southeastern third of Costa Rica in the
Panamamicroplate (Figures 1a and 4b).This area includes the Talamanca Cordillera (Figure 4a),
dominated by plutonic activity and limited Quaternary volcanic activity. Igneous rocks less than
12 Ma in the Talamanca Cordillera have clear geochemical signatures consistent with the juvenile
continental crust, interpreted as the result of the interaction of this section of the margin with
older Galápagos tracks (Gazel et al. 2019). This young continental block is flanked by contrac-
tional NW-SE structures in both the Pacific and the Caribbean sides (Montero et al. 2017).

4.2. Images of the Mantle and Deep Crust

The subducted Cocos slab’s morphology, imaged as the surface of the Wadati-Benioff Zone
(Figure 5), is a critical tectonic parameter affecting magma generation and transport beneath
Central America. Several subducting slab models suggest a uniform dip and depth of the Wadati-
Benioff Zone from Guatemala to N Costa Rica, where it becomes shallower due to the sub-
duction of Galápagos tracks (e.g., Hayes et al. 2013, Protti et al. 1994, Syracuse & Abers 2006).
Syracuse et al. (2008) relocated hypocenters using the TUCAN (Tomography Under Costa Rica
and Nicaragua) project to clearly define the morphology of the seismic zone beneath Nicaragua
and western Costa Rica. There is little change in the Wadati-Benioff Zone morphology across
Nicaragua and central Costa Rica where the dip of the seismic zone gradually shallows (Lücke &
Arroyo 2015, Protti et al. 1994). The 14-km right step in the volcanic front between NW and SE
Nicaragua and the sizeable right step of 40 km between the SW Nicaragua and NW Costa Rica
Volcanic Fronts are not reflected in the seismicity (Figure 5). Given that there are no significant
changes in the subducting slab, the architecture, tectonic history, and active crustal deformation
must therefore control volcanic segmentation in Central America.

Negative seismic anomalies in the subducting lithospheric mantle offshore Nicaragua suggest
a high hydration grade promoted by bending faults (van Avendonk et al. 2011). Earthquakes
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Figure 5 (Figure appears on preceding page)

Slab model for the subducting Cocos Plate slab. (a) Change of slab angle and depth to the slab along the volcanic front and approximate
slab age. (b) Slab contours every 50 km and locations of profiles across Nicaragua and Costa Rica. (c) Slab cross section at the beginning
of the SE Nicaragua volcanic segment and at the termination of the N Costa Rica volcanic segment. The dark gray dots represent
earthquakes from global earthquake catalogs, and the light gray dots are from local Central American catalogs; the heavy black lines
indicate the best slab model (additional information available in Syracuse & Abers 2006). Figure adapted from Syracuse & Abers (2006).

at 100–150 km depth beneath Nicaragua show a high-frequency late P-wave arrival at regional
stations (Abers et al. 2003). A low-velocity waveguide 2.5–6 km thick at the top of the downgoing
plate, about 15% slower than surrounding mantle, can explain this delayed phase. Such low ve-
locities are consistent with ∼5 wt%H2O in the subducted crust, two to three times the hydration
inferred for other slabs (Abers et al. 2003). Seismic tomography by Syracuse et al. (2008) supports
the P-wave results indicating a wet Nicaraguan slab, adding new information about the nature of
the mantle beneath the volcanic arc including interesting contrasts between Nicaragua and Costa
Rica. Beneath Nicaragua, a slow layer deep within the downgoing slab extends from the surface to
80–140 km depth, interpreted as serpentinization of the subducting lithospheric mantle (Syracuse
et al. 2008, van Avendonk et al. 2011). Beneath the Nicaraguan volcanoes, this signal is a vertical
region of high Vp/Vs spanning the mantle wedge and possibly indicating melt presence. These
features are not resolvable beneath Costa Rica. Finally, beneath and behind the volcanic front in
Nicaragua and Costa Rica is a low P-wave velocity zone extending to depths as great as 140 km.
Nicaragua is characterized by a hydrated slab, a hot wedge, and a well-defined region of likely
melt beneath the volcanoes. In contrast, Costa Rica has less pervasive hydration throughout the
slab and wedge; a possibly slightly cooler wedge; and a broader, less concentrated region of melt
(Abers et al. 2014, Rychert et al. 2008, Syracuse et al. 2008). Volatile studies on olivine-hosted
melt inclusions record higher water concentration in Nicaragua than in Costa Rica, consistent
with the presence of a more hydrated mantle wedge beneath Nicaragua (Benjamin et al. 2007,
Sadofsky et al. 2008, Wade et al. 2006).

MacKenzie et al. (2008) imaged the crust across the active arc in Nicaragua and Costa Rica
using receiver functions to estimate crustal thickness and Vp/Vs. Crustal thickness ranges from 25
to 44 kmwith the thinnest crust (25 km) directly beneath theNicaraguanVolcanic Front,while the
thickest crust lies in the Nicaraguan backarc and beneath the Costa Rican Arc (38 km) (Figure 6).
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Figure 6

Crust thickness along the Central American Volcanic Front. The sizes of the volcano symbols are proportional to volcano edifice
volumes from Carr et al. (2014). Crustal thickness from MacKenzie et al. (2008) and Lücke (2014).
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At 80 km depth, the low-velocity anomaly interpreted as melt in NW Nicaragua lies beneath the
volcanic arc, but in SENicaragua, it lies 40–50 km trenchward. This indicates that between 80 km
depth and the surface, the location of the melt is shifting toward the thinnest crust in southern
Nicaragua, rather than ascending vertically. MacKenzie et al. (2008) speculated that ascending
magmas inNicaragua are focused from the site of their generation to the thinnest crust rather than
rising vertically from their source. This does not appear to be the case in Costa Rica. Lücke (2014)
extended the map of crustal thickness across Central America using a global geopotential model
derived from satellite gravity and altimetry and Moho constraints from receiver function analysis
of teleseismic earthquakes (e.g., MacKenzie et al. 2008). At the broader scale of this investigation,
most segments of the volcanic front lie along the maximum thickness of the crust. Outside of
Nicaragua, the relatively stable positions of past volcanic fronts appear to have built deep crustal
roots, while in Nicaragua, the present volcanic front has moved substantially trenchward during
the Late Cenozoic (Saginor et al. 2011). Explosive silicic volcanism occurs throughout Central
America in variable amounts, but in a general way, the distribution of silicic magmas correlates
with crustal thickness, which is at a minimum in Nicaragua (Figure 6).

4.3. Implications for Geochemical Variations and Volcanic Productivity
Along the Volcanic Front

AlongCentral America the isotopic and incompatible trace element geochemistry of the volcanoes
is strongly controlled by the subducting input (e.g.,Carr &Gazel 2017,Eiler et al. 2005,Carr et al.
1990, Gazel et al. 2019, Heydolph et al. 2012, Patino et al. 2000, Saginor et al. 2013). Subduct-
ing sources include hemipelagic sediment, carbonate sediment, altered oceanic crust (AOC), and
serpentinized mantle (Eiler et al. 2005, Ranero et al. 2003). The AOC comes in at least two dis-
tinct flavors; for most of the margin the current subducted crust beneath the volcanoes formed at
the East Pacific Rise and is normal MORB with hydrothermal alteration. For central Costa Rica,
the dominant AOC component derives from Galápagos-related tracks (e.g., Gazel et al. 2009,
2018; Hoernle et al. 2008). The upper plate provides a variable lithospheric column above an
asthenospheric wedge of depleted mantle with possible veins of enriched mantle (Feigenson &
Carr 1986, Gazel et al. 2011). In Central America, the sediment on the subducting Cocos Ridge
is not accreted, and subduction erosion is currently active (e.g.,Vannucchi et al. 2003, von Huene
& Scholl 1991).

DSDP cores revealed a lower carbonate section and an upper hemipelagic section. The most
unequivocal source for historic lavas is the uppermost hemipelagic mud on the Cocos Plate where
10Be is concentrated (Morris & Tera 1989, Tera et al. 1986). The relatively high values of 10Be/9Be
at most Central American volcanoes require that the uppermost sediments are at least partly pre-
served during subduction; Arenal and Irazú volcanoes in central Costa Rica are possible exceptions
(Tera et al. 1986). The hemipelagic sediment section has very high concentrations of Ba and U,
whereas the carbonate section has high Ba and Sr and very low contents of rare earth elements and
Th (Patino et al. 2000). As a result, the carbonates have very high Ba/Th and low U/La and the
hemipelagic sections have the reverse. The contributions of the sediment section appear in many
lava suites as apparent binary mixing arrays between these two end members. The transition from
carbonate sedimentation to hemipelagic sedimentation is reflected in the geochemistry of Tertiary
volcanics in El Salvador and Nicaragua that lack the distinctively high U/Th found in the active
volcanoes (Plank et al. 2002, Saginor et al. 2013). Finally, evidence of serpentinization of the sub-
ducting Cocos Plate offshore Nicaragua (Ranero et al. 2003), 18O ratios in Nicaraguan olivines,
and thus fluids from the serpentinized subducting mantle are also important subducting inputs.
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Figure 7

Geochemical variations along the volcanic front in Central America. Note the maximum fluid-derived signatures present in Nicaragua
and the least in central Costa Rica, where the lavas record the input of a recycled intraplate component. Data from Carr et al. (2014).

Feigenson & Carr (1986) provided the first clear examples of fractionation-independent re-
gional variation with Sr and Nd isotope ratios, both of which have maxima in Nicaragua. This
symmetrical variation is clearly seen in several other parameters, especially trace element ratios,
such as Ba/La and U/Th (Figure 7a,b). The regional change in Ba/La was initially thought of as
continuous change in a process with invariant inputs (e.g., Carr et al. 1990). This proved wrong
for Costa Rica because the Cocos Plate subducting there has a very different oceanic crust, one
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Depth to the subducting slab along the volcanic front in Central America controlled by the different
volcanic segments (Figure 4). The sizes of the volcano symbols are proportional to volcano edifice volumes
(Carr et al. 2014). The most voluminous volcanoes are above ∼90–110 km from the slab. Note how volume
correlates with the position of the volcanic center and its relation to the subducting slab. The inserted
schematic figure shows this correlation.

strongly modified by subducting Galápagos tracks. The interaction with melts from the subduct-
ing Galápagos volcanics resulted in magmas in central Costa Rica enriched in trace elements
(e.g., La/Yb > 10) (Figure 7c), with a clear participation of a garnet-rich source (Gd/Yb > 2.5)
(Figure 7d) and with intraplate affinities (Ce/Pb up to 24) (Figure 7e) and radiogenic isotopes
(e.g., 208Pb/206Pb> 18.8) (Figure 7f ), that mimic the subductingGalápagos tracks offshore (Gazel
et al. 2009, Hoernle et al. 2008).

Because the strikes of the volcanic segments in Central America are typically rotated counter-
clockwise from the strike of the slab, each volcanic line has progressively deeper depths to the slab
from northwest to southeast (Figure 8). Bolge et al. (2009) defined an axis of volcanic productivity
by connecting the six largest volcanic centers (Atitlán Caldera, Santa Ana, San Cristobal, Masaya,
Rincón de la Vieja, and Irazú-Turrialba) (Figures 8 and 9). This axis is nearly parallel to the
coastline and has the same strike as the slab. All the major volcanoes fit within a 40-km-wide zone
whose boundaries are drawn parallel to the axis, and all the segments cut diagonally across it. The
largest volcanic centers are located ∼90–110 km on top of the slab, and volcanoes that develop
above deeper parts of the subducting slab are less voluminous (Figure 8). Taking into consider-
ation each volcanic segment, the largest volcano is generally the second volcanic center, and the
centers’ volumes decrease toward the SE; the exception is central Costa Rica, where the trend is
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Figure 9 (Figure appears on preceding page)

Geochemical variations along the volcanic front in Central America that indicate subduction components (a) Ba/La and (b) U/Th,
plotted as a function of volcano volume. Extreme compositions represent the smaller centers with variations up to 65% of the total
observed range of Ba/La (a) and U/Th (b), while the largest volcanoes (Atitlán Caldera, Santa Ana, San Cristobal, Masaya, Rincón de la
Vieja, and Irazú-Turrialba) are characterized by less than 15% variation. (c) Central America Volcanic Front segments. The symbol of
the volcano’s size is proportional to its volumes. Data from Carr et al. (2014).

inverted, increasing productivity in correlation with the geochemical indicators (Figure 7c–f ) of
a more fertile Galápagos source influencing the volcanic output (Gazel et al. 2019).

To better observe the effects of segmentation in the development of the volcanic front, we plot-
ted geochemical ratios (Ba/La, U/Th) known to trace the slab fluid input as a function of volcanic
center volume.We found that the geochemical heterogeneity is highlighted by extreme composi-
tions representing the smaller centers with variations up to 65% of the total observed range, while
very limited variations in these ratios characterize the largest volcanoes (<15%) (Figure 9). This
can be explained if the volcanoes above the slab at ∼90–110 km are at the right spot where the
mantle wedge gets the most components from the slab, resulting in high degrees of partial melting
that homogenize the different subduction components, which are more evident in smaller vents.
Alternatively, the large volcanoes homogenize the subduction signatures by having large plumbing
systems and magma reservoirs, and lithospheric processes control their size. Nevertheless, inde-
pendent of the process, the obliquity of the segments defines the location of the volcanoes along
this margin and becomes the main control on the depth to the subducting slab and the potential
to sample different subduction components.

5. SUMMARY AND FUTURE WORK

While there is a record of volcanic activity in northern Central America since the Permian and in
southern Central America since the Mesozoic, the current volcanic arc started in the Oligocene.
Since then, the axis has migrated toward the trench, likely due to slab rollback.The active volcanic
front results from a combination of slab components, lithospheric architecture, and tectonics. Ac-
tive tectonics are controlled by oblique subduction, resulting in a narrow volcanic front segmented
by right steps occurring at ∼150-km intervals. The composition of the subducted slab is the main
control of the along arc geochemical variations. The lithospheric architecture and tectonics con-
trol the segmentation and the depth to the slab below a volcanic center. All the major volcanoes fit
within a 40-km-wide zone, where the largest volcanic centers are located ∼90–110 km on top of
the slab. Volcanoes that develop above deeper sections of the subducting slab are less voluminous
and have a higher potential to record geochemical heterogeneity. Regional geochemical variations
have extremes from the high slab contributions in Nicaragua, where fluid and sediment signatures
present the most extreme values, to central Costa Rica, where there is a clear Gálapagos compo-
nent. Oblique subduction also resulted in a forearc escape toward the NW, right-lateral strike-slip
faults along the volcanic front, and the generation of depressions in Nicaragua and El Salvador.
Future work in Central America should focus on understanding across-arc geochemical variations
to better elucidate the role of different mantle components that can be obscured by subduction. A
better sampling of some centers, mainly focusing on their detailed evolution and their relation to
close-by centers, will improve our understanding of the margin by allowing separation of subduc-
tion and lithospheric processes on the composition of arc volcanoes. Comprehensive studies of
the tectonic evolution and the volcanic history in Chiapas (southern Mexico) and Panama are also
necessary to recognize this margin’s evolution and its connection to global processes. Finally, new
volatile element studies using modern sampling protocols and analytical techniques are required
to elucidate volatile cycles along and across the margin and their implications for volcanic hazards.
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Escuder-Viruete J, Andjić G, Baumgartner-Mora C, Baumgartner PO, Castillo-Carrión M, Gabites J. 2019.
Origin and geodynamic significance of the Siuna Serpentinite Mélange, Northeast Nicaragua: insights
from the large-scale structure, petrology and geochemistry of the ultramafic blocks.Lithos 340–341:1–19

Estrada-Carmona J, Weber B, Martens U, López-Martínez M. 2012. Petrogenesis of Ordovician magmatic
rocks in the southern Chiapas Massif Complex: relations with the early Palaeozoic magmatic belts of
northwestern Gondwana. Int. Geol. Rev. 54:1918–43

FeigensonMD,Carr MJ. 1986. Positively correlated Nd and Sr isotope ratios of lavas from the Central Amer-
ican volcanic front.Geology 14:79–82

516 Gazel • Flores • Carr

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
21

.4
9:

49
5-

52
1.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 M
as

sa
ch

us
et

ts
 In

st
itu

te
 o

f T
ec

hn
ol

og
y 

(M
IT

) o
n 

08
/0

4/
21

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Flores KE. 2009.Mesozoic oceanic terranes of southern Central America: geology, geochemistry and geodynamics. PhD
Thesis, Univ. Lausanne, Lausanne, Switz.

Flores KE, Gazel E. 2020. A 100 m.y. record of volcanic arc evolution in Nicaragua. Island Arc 29:e12346
Flores KE,Martens UC, Harlow GE, Brueckner HK, Pearson NJ. 2013. Jadeitite formed during subduction:

in situ zircon geochronology constraints from two different tectonic events within the Guatemala Suture
Zone. Earth Planet. Sci. Lett. 371:67–81

Flores KE, Skora S, Martin C, Harlow GE, Rodríguez D, Baumgartner PO. 2015. Metamorphic history of
riebeckite- and aegirine-augite-bearing high-pressure–low-temperature blocks within the Siuna Serpen-
tinite Mélange, northeastern Nicaragua. Int. Geol. Rev. 57:943–77

Funk J, Mann P,McIntosh K, Stephens J. 2009. Cenozoic tectonics of the Nicaraguan depression, Nicaragua,
and Median Trough, El Salvador, based on seismic-reflection profiling and remote-sensing data. GSA
Bull. 121:1491–521

Gazel E,CarrMJ,Hoernle K, FeigensonMD, Szymanski D, et al. 2009.Galapagos-OIB signature in southern
Central America: mantle refertilization by arc–hot spot interaction.Geochem.Geophys.Geosyst.10:Q02S11

Gazel E, Denyer P, Baumgartner PO. 2006.Magmatic and geotectonic significance of Santa Elena Peninsula,
Costa Rica.Geol. Acta 4:193–202

Gazel E, Hayes JL, Hoernle K, Kelemen P, Everson E, et al. 2015. Continental crust generated in oceanic
arcs.Nat. Geosci. 8:321–27

Gazel E, Hayes JL, Ulloa A, Alfaro A, Coleman DS, Carr MJ. 2019. The record of the transition from an
oceanic arc to a young continent in the Talamanca Cordillera.Geochem. Geophys. Geosyst. 20:2733–52

Gazel E, Hoernle K, Carr MJ, Herzberg C, Saginor I, et al. 2011. Plume–subduction interaction in southern
Central America: mantle upwelling and slab melting. Lithos 121:117–34

Gazel E, Trela J, Bizimis M, Sobolev A, Batanova V, et al. 2018. Long-lived source heterogeneities in the
Galapagos mantle plume.Geochem. Geophys. Geosyst. 19:2764–79

Geldmacher J, Hoernle K, van Den Bogaard P,Hauff F, Klügel A. 2008. Age and geochemistry of the Central
American forearc basement (DSDP Leg 67 and 84): insights into Mesozoic arc volcanism and seamount
accretion on the fringe of the Caribbean LIP. J. Petrol. 49:1781–815

Geldmacher J, Martens U, Hoernle K, Hauff F, van Den Bogaard P, Klügel A. 2007.Geochemical constraints on
the pre-Cenozoic subduction history of two margins of the Chortís blocks (northern Central America). Presented
at AGU Fall Meet., Dec. 10–14, San Francisco, Abstr. T11D–04

Godínez-Urban A, Lawton TF, Molina Garza RS, Iriondo A, Weber B, López-Martínez M. 2011. Jurassic
volcanic and sedimentary rocks of the La Silla and Todos Santos Formations, Chiapas: record of Nazas
arc magmatism and rift-basin formation prior to opening of the Gulf of Mexico.Geosphere 7:121–44

Guzmán-SpezialeM. 2010. Beyond theMotagua and Polochic faults: active strike-slip faulting along the west-
ern North America–Caribbean plate boundary zone. Tectonophysics 496:17–27

Halsort SP, Rose WI. 1991. Mineralogical relations and magma mixing in calc-alkaline andesites from Lake
Atitlán, Guatemala.Mineral. Petrol. 45:47–67

Harlow GE, Hemming SR, Lallemant HGA, Sisson VB, Sorensen SS. 2004. Two high-pressure–low-
temperature serpentinite-matrix mélange belts, Motagua fault zone, Guatemala: a record of Aptian and
Maastrichtian collisions.Geology 32:17–20

Hauff F, Hoernle K, van den Bogaard P, Alvarado G, Garbe-Schönberg D. 2000. Age and geochemistry of
basaltic complexes in western Costa Rica: contributions to the geotectonic evolution of Central America.
Geochem. Geophys. Geosyst. 1:1009

Hayes JL, Holbrook WS, Lizarralde D, van Avendonk HJA, Bullock AD, et al. 2013. Crustal structure across
the Costa Rican volcanic arc.Geochem. Geophys. Geosyst. 14:1087–103

Heydolph K, Hoernle K, Hauff F, van den Bogaard P, Portnyagin M, et al. 2012. Along and across arc
geochemical variations in NW Central America: evidence for involvement of lithospheric pyroxenite.
Geochim. Cosmochim. Acta 84:459–91

Hoernle K, Abt DL, Fischer KM, Nichols H, Hauff F, et al. 2008. Arc-parallel flow in the mantle wedge
beneath Costa Rica and Nicaragua.Nature 451:1094–97

Hoernle K, Hauff F, van den Bogaard P. 2004. 70 m.y. history (139–69 Ma) for the Caribbean large igneous
province.Geology 32:697–700

www.annualreviews.org • Tectonic Control on Volcanic Segmentation 517

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
21

.4
9:

49
5-

52
1.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 M
as

sa
ch

us
et

ts
 In

st
itu

te
 o

f T
ec

hn
ol

og
y 

(M
IT

) o
n 

08
/0

4/
21

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Hoernle K, van den Bogaard P, Werner R, Lissinna B, Hauff F, et al. 2002. Missing history (16–71 Ma) of
the Galápagos hotspot: implications for the tectonic and biological evolution of the Americas. Geology
30:795–98

Hofmann AW. 1997. Mantle geochemistry: the message from oceanic volcanism.Nature 385:219–29
INE (Inst. Nicar. Energía). 1995.Geological Field Guide of Sandino Basin Onshore.Managua: Inst. Nicar. Energía
Kelemen PB. 1995.Genesis of highMg# andesites and the continental crust.Contrib.Mineral. Petrol. 120:1–19
Kerr AC, Marriner GF, Tarney J, Nivia A, Saunders AD, et al. 1997. Cretaceous basaltic terranes in western

Colombia: elemental, chronological and Sr–Nd isotopic constraints on petrogenesis. J. Petrol. 38:677–
702

Kobayashi D, LaFemina P, Geirsson H, Chichaco E, Abrego AA, et al. 2014. Kinematics of the western
Caribbean: collision of the Cocos Ridge and upper plate deformation.Geochem.Geophys.Geosyst.15:1671–
83

Krogh TE, Kamo SL, Sharpton VL, Marin LE, Hildebrands AR. 1993. U–Pb ages of single shocked zircons
linking distal K/T ejecta to the Chicxulub crater.Nature 366:731–34

LaFemina PC, Dixon TH, Govers R, Norabuena E, Turner H, et al. 2009. Fore-arc motion and Cocos Ridge
collision in Central America.Geochem. Geophys. Geosyst. 10:Q05S14

LaFemina PC, Dixon TH, Strauch W. 2002. Bookshelf faulting in Nicaragua.Geology 30:751–54
LeemanWP,CarrMJ,Morris JD. 1994.Boron geochemistry of the Central American volcanic arc: constraints

on the genesis of subduction-related magmas.Geochim. Cosmochim. Acta 58:149–68
Leroy S, Mauffret A, Patriat P, Mercier de Lépinay B. 2000. An alternative interpretation of the Cayman

trough evolution from a reidentification of magnetic anomalies.Geophys. J. Int. 141:539–57
Lissinna B. 2005. A profile through the Central American landbridge in western Panama: 115 Ma interplay between

the Galapagos hotspot and the Central American subduction zone. PhDThesis,Christian-Albrechts-Univ.Kiel,
Germ.

Loewen MW, Duncan RA, Kent AJR, Krawl K. 2013. Prolonged plume volcanism in the Caribbean Large
Igneous Province: new insights from Curaçao and Haiti.Geochem. Geophys. Geosyst. 14:4241–59

Lücke OH. 2014. Moho structure of Central America based on three-dimensional lithospheric density mod-
elling of satellite-derived gravity data. Int. J. Earth Sci. 103:1733–45

Lücke OH, Arroyo IG. 2015. Density structure and geometry of the Costa Rican subduction zone from 3-D
gravity modeling and local earthquake data. Solid Earth 6:1169–83

MacKenzie L, Abers GA, Fischer KM, Syracuse EM, Protti JM, et al. 2008. Crustal structure along the south-
ern Central American volcanic front.Geochem. Geophys. Geosyst. 9:Q08S09

Madrigal P, Gazel E, Denyer P, Smith I, Jicha B, et al. 2015. A melt-focusing zone in the lithospheric mantle
preserved in the Santa Elena Ophiolite, Costa Rica. Lithos 230:189–205

Madrigal P,Gazel E, Flores KE, Bizimis M, Jicha B. 2016. Record of massive upwellings from the Pacific large
low shear velocity province.Nat. Commun. 7:13309

MaldonadoR,Ortega-Gutiérrez F,Ortíz-JoyaGA.2018. Subduction of Proterozoic to LateTriassic continen-
tal basement in the Guatemala suture zone: a petrological and geochronological study of high-pressure
metagranitoids from the Chuacús complex. Lithos 308–309:83–103

Manning CE. 2004. The chemistry of subduction-zone fluids. Earth Planet. Sci. Lett. 223:1–16
Manton W. 1996. The Grenville of Honduras.Geol. Soc. Am. Abstracts Programs 28:A–493
Marshall JS, Fisher DM,Gardner TW. 2000. Central Costa Rica deformed belt: kinematics of diffuse faulting

across the western Panama block. Tectonics 19:468–92
Martens UC, Brueckner HK,Mattinson CG, Liou JG,Wooden JL. 2012. Timing of eclogite-facies metamor-

phism of the Chuacús complex, Central Guatemala: record of Late Cretaceous continental subduction
of North America’s sialic basement. Lithos 146–147:1–10

Martens UC, Weber B, Valencia VA. 2010. U/Pb geochronology of Devonian and older Paleozoic beds in
the southeastern Maya block, Central America: its affinity with peri-Gondwanan terranes. GSA Bull.
122:815–29

Martínez-Díaz JJ, Álvarez-Gómez JA, Benito B, Hernández D. 2004. Triggering of destructive earthquakes in
El Salvador.Geology 32:65–68

Mazza SE, Gazel E, Bizimis M,Moucha R, Béguelin P, et al. 2019. Sampling the volatile-rich transition zone
beneath Bermuda.Nature 569:398–403

518 Gazel • Flores • Carr

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
21

.4
9:

49
5-

52
1.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 M
as

sa
ch

us
et

ts
 In

st
itu

te
 o

f T
ec

hn
ol

og
y 

(M
IT

) o
n 

08
/0

4/
21

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Mescua JF, Porras H, Durán P, Giambiagi L, de Moor M, et al. 2017. Middle to Late Miocene contractional
deformation in Costa Rica triggered by plate geodynamics. Tectonics 36:2936–49

Molina-Garza RS, van Hinsbergen DJJ, Boschman LM, Rogers RD, Ganerød M. 2019. Large-scale rotations
of the Chortis Block (Honduras) at the southern termination of the Laramide flat slab. Tectonophysics
760:36–57

Molnar P, Sykes LR. 1969. Tectonics of the Caribbean and Middle America regions from focal mechanisms
and seismicity.GSA Bull. 80:1639–84

Montero W, Lewis JC, Araya MC. 2017. The Guanacaste volcanic arc sliver of northwestern Costa Rica. Sci.
Rep. 7:1797

MontesC,Cardona A,McFaddenR,Morón SE,SilvaCA, et al. 2012.Evidence formiddle Eocene and younger
land emergence in central Panama: implications for Isthmus closure.GSA Bull. 124:780–99

Morris J, Tera F. 1989. 10Be and 9Be in mineral separates and whole rocks from volcanic arcs: implications for
sediment subduction.Geochim. Cosmochim. Acta 53:3197–206

Noda A. 2016. Forearc basins: types, geometries, and relationships to subduction zone dynamics. GSA Bull.
128:879–95

Ortega-Gutiérrez F, Elías-Herrera M, Morán-Zenteno DJ, Solari L,Weber B, Luna-González L. 2018. The
pre-Mesozoic metamorphic basement of Mexico, 1.5 billion years of crustal evolution. Earth-Sci. Rev.
183:2–37

Ortega-Gutiérrez F, Solari LA, Ortega-Obregón C, Elías-Herrera M, Martens U, et al. 2007. The Maya-
Chortís boundary: a tectonostratigraphic approach. Int. Geol. Rev. 49:996–1024

Patino LC, Carr MJ, Feigenson MD. 2000. Local and regional variations in Central American arc lavas con-
trolled by variations in subducted sediment input. Contrib. Mineral. Petrol. 138:265–83

Plank T, Balzer V, Carr M. 2002. Nicaraguan volcanoes record paleoceanographic changes accompanying
closure of the Panama gateway.Geology 30:1087–90

Plank T, Cooper LB, Manning CE. 2009. Emerging geothermometers for estimating slab surface tempera-
tures.Nat. Geosci. 2:611–15

Plank T, Langmuir CH. 1993. Tracing trace elements from sediment input to volcanic output at subduction
zones.Nature 362:739–43

Plank T, Langmuir CH. 1998. The chemical composition of subducting sediment and its consequences for
the crust and mantle. Chem. Geol. 145:325–94

Protti M, Gündel F, McNally K. 1994. The geometry of the Wadati–Benioff zone under southern Central
America and its tectonic significance: results from a high-resolution local seismographic network. Phys.
Earth Planet. Inter. 84:271–87

Ranero CR, Phipps Morgan J, McIntosh K, Reichert C. 2003. Bending-related faulting and mantle serpen-
tinization at the Middle America trench.Nature 425:367–73

Ratschbacher L, Franz L,MinM,Bachmann R,Martens U, et al. 2009.TheNorth American-Caribbean Plate
boundary in Mexico-Guatemala-Honduras.Geol. Soc. Lond. Spec. Publ. 328:219–93

Révillon S, Hallot E, Arndt NT, Chauvel C, Duncan RA. 2000. A complex history for the Caribbean Plateau:
petrology, geochemistry, and geochronology of the Beata Ridge, South Hispaniola. J. Geol. 108:641–61

Rose WI, Conway FM, Pullinger CR, Deino A, McIntosh WC. 1999. An improved age framework for late
Quaternary silicic eruptions in northern Central America. Bull. Volcanol. 61:106–20

Rosencrantz E, Ross MI, Sclater JG. 1988. Age and spreading history of the Cayman Trough as determined
from depth, heat flow, and magnetic anomalies. J. Geophys. Res. 93(B3):2141–57

Ryan JG, Chauvel C. 2014. The subduction-zone filter and the impact of recycled materials on the evolution
of the mantle. In Treatise on Geochemistry, ed. HD Holland, KK Turekian, pp. 479–508. Oxford, UK:
Elsevier. 2nd ed.

Rychert CA, Fischer KM, Abers GA, Plank T, Syracuse E, et al. 2008. Strong along-arc variations in attenua-
tion in the mantle wedge beneath Costa Rica and Nicaragua.Geochem. Geophys. Geosyst. 9:Q10S10

Sadofsky SJ, Portnyagin M, Hoernle K, van den Bogaard P. 2008. Subduction cycling of volatiles and trace
elements through the Central American volcanic arc: evidence from melt inclusions. Contrib. Mineral.
Petrol. 155:433–56

Saginor I, Gazel E, Carr MJ, Swisher CC III, Turrin B. 2011. New Pliocene–Pleistocene 40Ar/39Ar ages fill in
temporal gaps in the Nicaraguan volcanic record. J. Volcanol. Geotherm. Res. 202:143–52

www.annualreviews.org • Tectonic Control on Volcanic Segmentation 519

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
21

.4
9:

49
5-

52
1.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 M
as

sa
ch

us
et

ts
 In

st
itu

te
 o

f T
ec

hn
ol

og
y 

(M
IT

) o
n 

08
/0

4/
21

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Saginor I,Gazel E,Condie C,CarrMJ. 2013. Evolution of geochemical variations along the Central American
volcanic front.Geochem. Geophys. Geosyst. 14:4504–22

Sanchez-Barreda LA. 1981. Geologic evolution of the continental margin of the Gulf of Tehuantepec in southeastern
Mexico. PhD Thesis. Univ. Texas, Austin

Sinton CW, Duncan RA, Denyer P. 1997. Nicoya Peninsula, Costa Rica: a single suite of Caribbean oceanic
plateau magmas. J. Geophys. Res. 102(B7):15507–20

Sinton CW, Duncan RA, Storey M, Lewis J, Estrada JJ. 1998. An oceanic flood basalt province within the
Caribbean plate. Earth Planet. Sci. Lett. 155:221–35

Sinton CW, Sigurdsson H, Duncan RA. 2000. Geochronology and petrology of the igneous basement at the
Lower Nicaraguan Rise, Site 1001. Proc. Ocean Drill. Program Sci. Results 165:233–36.

Solari LA, García-Casco A,Martens U, Lee JKW,Ortega-Rivera A. 2013. Late Cretaceous subduction of the
continental basement of the Maya block (Rabinal Granite, central Guatemala): tectonic implications for
the geodynamic evolution of Central America.GSA Bull. 125:625–39

Solari LA,Gómez-Tuena A,Ortega-Gutiérrez F,Ortega-ObregónC.2011.TheChuacúsMetamorphicCom-
plex, central Guatemala: geochronological and geochemical constraints on its Paleozoic–Mesozoic evo-
lution.Geol. Acta 9:329–50

Solari LA, Ortega-Gutiérrez F, Elías-Herrera M, Gómez-Tuena A, Schaaf P. 2010. Refining the age of mag-
matism in the Altos Cuchumatanes, western Guatemala, by LA–ICPMS, and tectonic implications. Int.
Geol. Rev. 52:977–98

Steiner MB,Walker JD. 1996. Late Silurian plutons in Yucatan. J. Geophys. Res. 101(B8):17727–35
Stoiber RE, Carr MJ. 1973. Quaternary volcanic and tectonic segmentation of Central America. Bull. Volcanol.

37:304–25
Syracuse EM, Abers GA. 2006. Global compilation of variations in slab depth beneath arc volcanoes and

implications.Geochem. Geophys. Geosyst. 7:Q05017
Syracuse EM,Abers GA, Fischer K,MacKenzie L, Rychert C, et al. 2008. Seismic tomography and earthquake

locations in the Nicaraguan and Costa Rican upper mantle.Geochem. Geophys. Geosyst. 9:Q07S08
Tera F,BrownL,Morris J, Sacks IS,Klein J,Middleton R. 1986. Sediment incorporation in island-arcmagmas:

inferences from 10Be.Geochim. Cosmochim. Acta 50:535–50
Torres-de León R, Solari LA, Ortega-Gutiérrez F, Martens U. 2012. The Chortís Block—southwestern

México connections: U-Pb zircon geochronology constraints. Am. J. Sci. 312:288–313
Trela J, Vidito C, Gazel E, Herzberg C, Class C, et al. 2015. Recycled crust in the Galápagos Plume source at

70 Ma: implications for plume evolution. Earth Planet. Sci. Lett. 425:268–77
Tsujimori T, Sisson VB, Liou JG,Harlow GE, Sorensen SS. 2006. Petrologic characterization of Guatemalan

lawsonite eclogite: eclogitization of subducted oceanic crust in a cold subduction zone. Geol. Soc. Am.
Spec. Papers 403:147–68

van Avendonk HJA, Holbrook WS, Lizarralde D, Denyer P. 2011. Structure and serpentinization of the sub-
ducting Cocos plate offshore Nicaragua and Costa Rica.Geochem. Geophys. Geosyst. 12:Q06009

Vannucchi P, Ranero CR,Galeotti S, Straub SM, Scholl DW,McDougall-Ried K. 2003. Fast rates of subduc-
tion erosion along the Costa Rica Pacific margin: implications for nonsteady rates of crustal recycling at
subduction zones. J. Geophys. Res. 108(B11):2511

von Huene R, Scholl DW. 1991. Observations at convergent margins concerning sediment subduction, sub-
duction erosion, and the growth of continental crust. Rev. Geophys. 29:279–316

Wade JA, Plank T, Melson WG, Soto GJ, Hauri EH. 2006. The volatile content of magmas from Arenal
volcano, Costa Rica. J. Volcanol. Geotherm. Res. 157:94–120

Walker JA, Gazel E. 2014. Igneous rock associations 13. Focusing on the Central American subduction zone.
Geosci. Can. 41:57–74

Weber B, González-Guzmán R,Manjarrez-Juárez R, Cisneros de León A,Martens U, et al. 2018. Late Meso-
proterozoic to Early Paleozoic history of metamorphic basement from the southeastern Chiapas Massif
Complex, Mexico, and implications for the evolution of NW Gondwana. Lithos 300–301:177–99

Weber B, Iriondo A, Premo WR, Hecht L, Schaaf P. 2007. New insights into the history and origin of the
southern Maya block, SE México: U–Pb–SHRIMP zircon geochronology from metamorphic rocks of
the Chiapas massif. Int. J. Earth Sci. 96:253–69

520 Gazel • Flores • Carr

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
21

.4
9:

49
5-

52
1.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 M
as

sa
ch

us
et

ts
 In

st
itu

te
 o

f T
ec

hn
ol

og
y 

(M
IT

) o
n 

08
/0

4/
21

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Weber B, Scherer EE, Martens UK, Mezger K. 2012. Where did the lower Paleozoic rocks of Yucatan come
from? A U–Pb, Lu–Hf, and Sm–Nd isotope study. Chem. Geol. 312–313:1–17

WegnerW,Wörner G,Harmon RS, Jicha BR. 2011.Magmatic history and evolution of the Central American
Land Bridge in Panama since Cretaceous times.GSA Bull. 123:703–24

Weinberg RF. 1992. Neotectonic development of western Nicaragua. Tectonics 11:1010–17
Whattam SA, Gazel E, Yi K, Denyer P. 2016. Origin of plagiogranites in oceanic complexes: a case study of

the Nicoya and Santa Elena terranes, Costa Rica. Lithos 262:75–87

www.annualreviews.org • Tectonic Control on Volcanic Segmentation 521

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
21

.4
9:

49
5-

52
1.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 M
as

sa
ch

us
et

ts
 In

st
itu

te
 o

f T
ec

hn
ol

og
y 

(M
IT

) o
n 

08
/0

4/
21

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



EA49_FrontMatter ARjats.cls April 28, 2021 8:51

Annual Review
of Earth and
Planetary Sciences

Volume 49, 2021

Contents

Minoru Ozima: Autobiographical Notes
Minoru Ozima � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 1

The Geodynamic Evolution of Iran
Robert J. Stern, Hadi Shafaii Moghadam, Mortaza Pirouz, and Walter Mooney � � � � � � � � � � 9

Subduction-Driven Volatile Recycling: A Global Mass Balance
D.V. Bekaert, S.J. Turner, M.W. Broadley, J.D. Barnes, S.A. Halldórsson, J. Labidi,
J. Wade, K.J. Walowski, and P.H. Barry � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �37

Atmospheric Loss to Space and the History of Water on Mars
Bruce M. Jakosky � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �71

Climate Risk Management
Klaus Keller, Casey Helgeson, and Vivek Srikrishnan � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �95

Continental Drift with Deep Cratonic Roots
Masaki Yoshida and Kazunori Yoshizawa � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 117

Contemporary Liquid Water on Mars?
James J. Wray � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 141

Geologically Diverse Pluto and Charon: Implications for the Dwarf
Planets of the Kuiper Belt
Jeffrey M. Moore and William B. McKinnon � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 173

The Laurentian Great Lakes: A Biogeochemical Test Bed
Robert W. Sterner � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 201

Clocks in Magmatic Rocks
Fidel Costa � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 231

Hydration and Dehydration in Earth’s Interior
Eiji Ohtani � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 253

Past Warmth and Its Impacts During the Holocene Thermal
Maximum in Greenland
Yarrow Axford, Anne de Vernal, and Erich C. Osterberg � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 279

Fiber-Optic Seismology
Nathaniel J. Lindsey and Eileen R. Martin � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 309

Earth’s First Redox Revolution
Chadlin M. Ostrander, Aleisha C. Johnson, and Ariel D. Anbar � � � � � � � � � � � � � � � � � � � � � � � � � 337

Contents ix

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
21

.4
9:

49
5-

52
1.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 M
as

sa
ch

us
et

ts
 In

st
itu

te
 o

f T
ec

hn
ol

og
y 

(M
IT

) o
n 

08
/0

4/
21

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



EA49_FrontMatter ARjats.cls April 28, 2021 8:51

Toward an Integrative Geological and Geophysical View of Cascadia
Subduction Zone Earthquakes
Maureen A.L. Walton, Lydia M. Staisch, Tina Dura, Jessie K. Pearl,
Brian Sherrod, Joan Gomberg, Simon Engelhart, Anne Tréhu, Janet Watt,
Jon Perkins, Robert C. Witter, Noel Bartlow, Chris Goldfinger, Harvey Kelsey,
Ann E. Morey, Valerie J. Sahakian, Harold Tobin, Kelin Wang, Ray Wells,
and Erin Wirth � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 367

Recent Advances in Geochemical Paleo-Oxybarometers
Brian Kendall � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 399

The Organic Isotopologue Frontier
Alexis Gilbert � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 435

Olivine-Hosted Melt Inclusions: A Microscopic Perspective on a
Complex Magmatic World
Paul J. Wallace, Terry Plank, Robert J. Bodnar, Glenn A. Gaetani,
and Thomas Shea � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 465

Architectural and Tectonic Control on the Segmentation of the
Central American Volcanic Arc
Esteban Gazel, Kennet E. Flores, and Michael J. Carr � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 495

Reactive Nitrogen Cycling in the Atmosphere and Ocean
Katye E. Altieri, Sarah E. Fawcett, and Meredith G. Hastings � � � � � � � � � � � � � � � � � � � � � � � � � � � 523

Submarine Landslides and Their Tsunami Hazard
David R. Tappin � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 551

Titan’s Interior Structure and Dynamics After the Cassini-Huygens
Mission
Christophe Sotin, Klára Kalousová, and Gabriel Tobie � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 579

Atmospheric CO2 over the Past 66 Million Years fromMarine Archives
James W.B. Rae, Yi Ge Zhang, Xiaoqing Liu, Gavin L. Foster, Heather M. Stoll,
and Ross D.M. Whiteford � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 609

A 2020 Observational Perspective of Io
Imke de Pater, James T. Keane, Katherine de Kleer, and Ashley Gerard Davies � � � � � � � � � � 643

An Atlas of Phanerozoic Paleogeographic Maps: The Seas Come In
and the Seas Go Out
Christopher R. Scotese � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 679

Errata

An online log of corrections to Annual Review of Earth and Planetary Sciences articles
may be found at http://www.annualreviews.org/errata/earth

x Contents

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
21

.4
9:

49
5-

52
1.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 M
as

sa
ch

us
et

ts
 In

st
itu

te
 o

f T
ec

hn
ol

og
y 

(M
IT

) o
n 

08
/0

4/
21

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 


