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Abstract Plate kinematic reconstructions play an essential role in our understanding of global
geodynamics, but become increasingly difficult to constrain back in geological time due to the subduction
of oceanic lithosphere. Here, we attempt to kinematically reconstruct the Cretaceous and older plate tectonic
history of the Caribbean Plate within the Mesozoic Panthalassa (paleo-Pacific) Ocean. To this end, we present
new paleomagnetic data from Jurassic and Cretaceous oceanic sedimentary and volcanic Large Igneous
Province-related rocks of the Nicoya Peninsula and Murciélago Islands of northwestern Costa Rica. We use
these data, in combination with constraints from marine magnetic anomalies to infer the age of the
lithospheric basement, seismic tomography to locate deep-mantle plume generation zones, and general
kinematic feasibility, to test different reconstruction scenarios connecting the Caribbean Plate to the
Farallon Plate as restored from Pacific spreading records. Our resulting reconstruction implies that the
western Caribbean subduction zone initiated around 100 Ma, in an intraoceanic setting, breaking up
oceanic lithosphere of at least 70 Myr old.

1. Introduction

Plate kinematic reconstructions play an essential role in our understanding of global geodynamics, but
become increasingly difficult to constrain back in geological time due to the subduction of oceanic
lithosphere. The Panthalassa Ocean, which surrounded the supercontinent Pangea in Mesozoic times, is
particularly difficult to restore (e.g., Boschman & van Hinsbergen, 2016). Marine magnetic anomalies in
the present-day seafloor of the Pacific Ocean (Figure 1) document that the lithosphere of the Mesozoic
and early Cenozoic (north)eastern Panthalassa Basin formed from spreading between the Pacific Plate
and the conceptual Farallon Plate (Engebretson et al., 1985; Wright et al., 2016). Except for the Juan de
Fuca, Rivera, Cocos, and Nazca plates, which are presumed present-day remnants of the Farallon Plate,
the absence of anomalies conjugate to the Jurassic-early Cenozoic anomalies of the Pacific Plate indicates
that the vast majority of the Farallon Plate has been lost to subduction. Reconstruction of the kinematic his-
tory of the Farallon Plate therefore relies on indirect evidence such as the spreading history of the Pacific
Plate (Engebretson et al., 1985; Wright et al., 2016), geological and paleomagnetic records of the highly
deformed continental margins of North and South America (Boschman, Garza, et al., 2018; Boschman,
van Hinsbergen, et al., 2018; Johnston, 2001; Nokleberg, 2000; Tarduno et al., 1986; Tarduno & Alvarez,
1985), and interpretation of seismic tomography models that image subducted Farallon lithosphere
(Boschman, van Hinsbergen, et al., 2018; Grand et al., 1997; Liu et al., 2008; Liu & Stegman, 2011; Sigloch
& Mihalynuk, 2013; van der Meer et al., 2010, 2012, 2018).

When restoring the Mesozoic history of the Farallon plate, the Caribbean Plate is of particular interest. This
plate, currently separated from the Cocos Plate by a subduction zone, is a remnant of Panthalassa
lithosphere that instead of subducting - which happened to the north and south below the Americas - was
captured between the Americas in Cretaceous time (Pindell et al., 1988). The bulk of the Caribbean Plate
consists of oceanic lithosphere of unknown age covered by a thick layer of ~90-Ma oceanic plateau basalts
of the Caribbean Large Igneous Province (CLIP; Burke, 1988; Burke et al., 1978; Donnelly et al., 1973;
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Figure 1. Tectonic map including the Caribbean, North and South American plates, the Pacific Plate, and its conjugates;
the Rivera (R), Cocos, and Nazca plates. P: Panama fracture zone. Isochrons in the Pacific domain from Wright et al.
(2016). Note the absence of old (>55 Ma) oceanic lithosphere east of the East Pacific Rise.

Saunders et al., 1996; Sinton et al., 1998, 2000; Figure 1). During break-up of Pangea, North and South
America separated, resulting in the opening of the Proto-Caribbean Seaway that connected eastward to
the Central Atlantic Ocean. Subsequent convergence between the Americas and the oceanic plates of the
Panthalassa Ocean was associated with westward dipping subduction of this Proto-Caribbean lithosphere
beneath the lithosphere of the future Caribbean Plate, which became progressively emplaced eastward from
within the Panthalassa Ocean to its present position between the Americas (Burke et al., 1978; Pindell, 1985).
The Caribbean lithosphere became a separate plate upon initiation of the western Caribbean subduction
zone, associated with the Costa Rica-Panama arc. The age of this subduction initiation is debated and esti-
mates vary from ~100 Ma (Whattam & Stern, 2015) to ~75 Ma (Buchs et al., 2010). The inferred close proxi-
mity in age of subduction initiation and extrusion of the CLIP has led several authors to suggest a causal
relationship between the two phenomena, postulating that a mantle plume that generated the CLIP also
induced western Caribbean subduction (Stern & Gerya, 2017; Whattam & Stern, 2015).

Kinematic reconstructions of the Caribbean Plate (e.g., Boschman et al., 2014; Burke, 1988; Burke et al.,
1978; Pindell, 1985; Pindell et al., 1988; Pindell & Kennan, 2009) are based on geological records of collisions
of the leading eastern edges of the Caribbean Plate with the North and South American continents since
~100 Ma and interactions between these plates along transform and subduction-dominated plate boundaries
since then. Reconstructing the western margins, which were surrounded by now-subducted Panthalassa
lithosphere, is more difficult, and for times prior to 100 Ma, when the Caribbean lithosphere was part of
the independent Panthalassa plate system without a direct connection to the Indo-Atlantic plate system,
its location and motion remains highly uncertain.

In this paper, we attempt to kinematically reconstruct the Cretaceous and older plate tectonic history of the
Caribbean Plate within the Mesozoic Panthalassa Ocean. To this end, we present new paleomagnetic data
from the oldest exposed rocks of the western Caribbean Plate: Jurassic and Cretaceous oceanic sedimentary
and volcanic rocks of the Nicoya Peninsula and Murciélago Islands of northwestern Costa Rica. We use these
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to test kinematic scenarios connecting the Caribbean Plate to the Farallon Plate as restored from Pacific
spreading records, as a function of estimated ages of subduction initiation in the western Caribbean subduc-
tion zone. This establishes Mesozoic eastern Panthalassa plate motions in relation to the plate tectonic his-
tory of the continental plates making up the supercontinent Pangea.

2. Geological Setting

2.1. Tectonic Setting of the Nicoya Peninsula and Murciélago Islands

The western margin of the Caribbean Plate consists of the Central American land bridge and the Central
American trench where eastward subduction consumes the Cocos and, south of the Panama fracture zone,
the Nazca Plate (Figure 1). The modern Central American land bridge in the upper plate of this subduction
zone hosts an active volcanic arc and consists from north to south of (1) the continental Chortis block of
southern Guatemala and northern Honduras, which is bounded in the north by the left-lateral Motagua fault
zone that forms the North American-Caribbean plate boundary (Donnelly et al., 1990; Rogers et al., 2007);
(2) the Siuna terrane or Mesquito Composite Oceanic Terrane (MCOT) containing an oceanic basement, ser-
pentinite matrix mélanges, and Mesozoic-Cenozoic arc volcanic rocks (Baumgartner et al., 2008; Venable,
1994); and (3) the oceanic Costa Rica-Panama block, consisting of mainly CLIP and arc-related magmatic
rocks (Buchs et al., 2010; Gazel et al., 2009) and connecting to the northwestern Andes, which contains
the diffuse plate boundary between the Caribbean and South American plates (Figures 1 and 2). Terrane
nomenclature and boundaries within the northern part of the Central American land bridge (and offshore
Nicaraguan Rise), as well as the interpreted tectonic histories of these terranes, are debated: the Siuna ter-
rane (southern Nicaragua and northwesternmost Costa Rica, Figure 2, e.g., Boschman et al., 2014; Rogers
et al., 2007; Sanchez et al., 2016; Venable, 1994) is considered to be a fragment of the Great Arc of the
Caribbean (Burke, 1988)—an arc build on oceanic basement representing the leading edge of the
Caribbean Plate—that collided with the continental Chortis block in Late Cretaceous time and has been part
of the North American Plate since then. Baumgartner et al. (2008) on the other hand, named a larger area
(also including southern Honduras, El Salvador, the southern half of the offshore Nicaraguan Rise, and
the oceanic fore-arc in the west) the MCOT, which is defined as an assemblage of Mesozoic Franciscan-type
mafic and ultramafic terranes of paleo-Pacific and arc origin. Based on a 139.2 + 0.4 Ma phengite cooling age
of a metamorphic block from the Siuna serpentinite mélange, this composite terrane is interpreted to have
collided with continental Chortis in early Cretaceous time (Baumgartner et al., 2008; Flores et al., 2015).

The focus area of this study, the Nicoya Peninsula and Murciélago Islands, is located in the fore-arc region of
the Central American subduction system, just south of the boundary between the MCOT/Siuna terrane and
the Costa Rica-Panama block, the latter representing the arc associated with the western Caribbean subduc-
tion zone (Baumgartner et al., 2008; Figure 2). It is part of a fore-arc sliver that migrates trench parallel
(northwestward) relative to the main Central American land bridge (Funk et al., 2009; Montero et al.,
2017; Phipps Morgan et al., 2008). Just north of the Murciélago Islands, the Santa Elena Peninsula of north-
ernmost Costa Rica exposes an ultramafic peridotite nappe thrusted over an oceanic accretionary complex
(Figure 2), interpreted as the remnants of a Cretaceous paleotrench (Baumgartner & Denyer, 2006;
Escuder-Viruete & Baumgartner, 2014; Gazel et al., 2006), which likely represents the Costa Rica-Panama
block-MCOT/Siuna terrane plate boundary.

In the early stages of subduction, the subduction zone along the western margin of the Caribbean Plate did
not connect to the long-lived trenches along continental North (including Chortis) or South America as it
does today. Instead, it was located within the Panthalassa realm and migrated eastward relative to the
Americas. In the Boschman et al. (2014) reconstruction of the Caribbean region, which serves as a basis
for this study, initiation of the western Caribbean subduction zone was modeled at 85 Ma, following the
88-80 Ma estimate of Pindell and Kennan (2009). This estimate is based on the oldest, Coniacian tuffaceous,
arc-derived sedimentary rocks overlying the oceanic basement of the Nicoya and Santa Elena peninsulas of
Costa Rica. However, other authors consider these sedimentary overlap assemblages to be unrelated to sub-
duction in the western Caribbean subduction zone and correlate them to either another intraoceanic sub-
duction zone (Baumgartner et al., 2008; Buchs et al., 2010) or subduction below the active southern
margin of the North American Plate (Andji¢ et al., 2018). This age may thus not be representative for western
Caribbean subduction initiation. Buchs et al. (2010) instead argued for 75-73 Ma protoarc formation, based
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Figure 2. Geological map of the Nicoya Peninsula and the Murciélago Islands including sampling locations, modified from Whattam et al. (2016) and Andji¢ et al.
(2018). Inset: Central American land bridge, including basement terranes.

on geochemical signatures (intermediate between plateau and arc) of the oldest arc magmatic rocks in Costa
Rica and Panama. Independent from implications by their specific geochemical signature, the presence of
75-73 Ma arc volcanic rocks in Panama and Costa Rica indicates that subduction must have been underway
at least by 75 Ma, making this the minimum age limit of subduction initiation. Subduction initiation may
also be older; Whattam and Stern (2015) proposed a plume-induced subduction initiation model in which
~100 Ma subduction initiation was triggered by the same plume that extruded the CLIP.

2.2. Stratigraphy of the Nicoya Peninsula and Murciélago Islands

The Nicoya Peninsula exposes (1) folded ribbon-bedded radiolarian cherts of Bajocian-Bathonian,
Oxfordian-Tithonian, Valanginian-Albian, and Coniacian-Santonian ages (Baumgartner et al., 2008;
Denyer & Baumgartner, 2006), following the Baumgartner et al. (1995) zonation; (2) basaltic rocks, dated
by “°Ar/*Ar geochronology at 139.1-132.9, 119.4-118.2, 110.6, and 94.7-89.7 Ma (Hauff et al., 2000;
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Hoernle et al., 2004; Madrigal et al., 2016; Sinton et al., 1997); and (3) 89.3-77.2 Ma diabases, gabbros, and
plagiogranites (40Ar/39Ar and U-Pb ages; Hauff et al., 2000; Madrigal et al., 2016; Sinton et al., 1997,
Whattam et al., 2016; Figure 2). At contacts with intrusive rocks, radiolarian cherts show chilled margins
and hydrothermal leaching indicating clear cross-cutting relationships (Baumgartner et al., 2008). The bulk
of the magmatic rocks falls within the narrow range (~90 Ma) of radiometric ages from basaltic rocks of the
CLIP elsewhere in the Caribbean region (Alvarado et al., 1997; Hauff et al., 1997, 2000; Hoernle et al., 2004;
Kerr et al., 1997; Révillon et al., 2000; Sinton et al., 1997, 1998, 2000), and all Cretaceous magmatic rocks
from the Nicoya Peninsula, including the pre-90 Ma ones, yield similar geochemical signatures, reflecting
mixing between Mid-Ocean Ridge Basalt (MORB) and intraplate magmatism, which is interpreted as evi-
dence for a shared plume-influenced mantle source (Hauff et al.,, 1997, 2000; Hoernle et al., 2004;
Madrigal et al., 2016; Sinton et al., 1997).

Originally, all oceanic assemblages in northwest Costa Rica (including the Nicoya Peninsula) were termed
“Nicoya Complex” (Dengo, 1962; Kuijpers, 1980). However, in more recent studies, the use of this term is
restricted to the tectonic unit cropping out in the northwestern Nicoya Peninsula only (Figure 2; Andji¢ et al.,
2018; Bandini et al., 2008; Denyer & Baumgartner, 2006; Denyer & Gazel, 2009). The Nicoya Complex is cov-
ered by middle Campanian-Maastrichtian shallow water carbonate deposits (ages based on planktonic fora-
minifera and rudists; Baumgartner-Mora & Denyer, 2002; Denyer et al., 2014; Pons et al., 2016). The central
and southern part of the Nicoya Peninsula differs from the Nicoya Complex by the absence of Jurassic-Albian
radiolarian cherts and ~139-133 Ma magmatic rocks. It is overlain by siliceous and bituminous black shales
of the Loma Chumico Formation and Coniacian-Campanian pelagic to turbiditic sequences of the Sdbana
Grande and Nambi formations (ages based on radiolaria and ®”Sr/*°Sr dating on Inoceramus bivalve fossils;
Bandini et al., 2008; Flores et al., 2003b; Flores, 2006; Schmidt-Effing, 1979). The Loma Chumico Formation
is dated as Albian by ammonite occurrences (Astorga, 1997; Azéma et al., 1979). However, Coniacian-upper
Campanian radiolaria have also been reported (Andji¢ et al., 2018). In the Gulf of Nicoya region, the mag-
matic basement is overlain by middle Turonian-Santonian pelagic and bituminous shales and arc-related
tuffaceous debris flows of the Berrugate Formation (Bandini et al., 2008; Flores et al., 2003a, 2003b).

The archipelago of the Murciélago Islands is located north of the Nicoya Peninsula, just south of the Santa
Elena Peninsula (Figure 2). These islands consist of tilted tholeiitic massive and pillow basalts, which yielded
OAr-¥Ar ages 0f 109.0 + 2 Ma and 113.4 + 3.5 Ma (Hauff et al., 2000; Madrigal et al., 2016). Geochemically,
the Murciélago Islands basalts are almost identical to the CLIP and the older basaltic suites of the Nicoya
Peninsula (Escuder-Viruete et al., 2015; Madrigal et al., 2015).

2.3. Previous Tectonic Interpretations

Interpretations of the formation of the Nicoya Complex can be broadly summarized in two categories. The
first invokes that the Nicoya Complex formed as an accretionary complex, in which Large Igneous Province
(LIP) and chert rocks of different ages were not deposited near each other, but were amalgamated from
>1,000 km of now-subducted lithosphere (e.g., Galli-Olivier, 1979; Madrigal et al., 2016). A second category
of models suggests that the Nicoya complex forms a deformed but overall coherent stratigraphy deposited on
Panthalassa (Farallon) lithosphere. In the latter category, deformation of the cherts is thought to reflect dis-
ruption and detachment from their original basement during pulses of plume-related magmatism (Denyer &
Baumgartner, 2006).

Independent of any model, the presence of Bajocian-Bathonian radiolarian cherts testifies to a Bajocian or
pre-Bajocian oceanic basement on which the oldest rock assemblages now incorporated in the Nicoya
Complex formed (Denyer & Baumgartner, 2006; Denyer & Gazel, 2009; Sinton et al., 1997). The absence
of coarse detrital sediments and arc-derived rocks in the Jurassic-Early Cretaceous sequence implies that this
lithospheric basement was not in close proximity to a continental margin or a subduction zone throughout
its early history (Andji¢ et al., 2018). Accretionary complexes are generally characterized by more or less
coherent, trenchward younging nappes consisting of both foreland (trench fill) sedimentation and far-
traveled ocean plate stratigraphy separated by thrust faults (e.g., Matsuda & Isozaki, 1991). In the Nicoya
complex, no such nappes, major thrust faults or younger trench fill deposits are observed (Denyer &
Baumgartner, 2006) or suggested by the modern geomorphology. This forms a challenge for models that
infer that the Nicoya Complex consists of accreted or amalgamated fragments of ocean plate stratigraphy
and plateau remnants that were originally far apart.
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The Murciélago Islands basalts are by some authors associated with the Santa Elena Nappe, exposed on the
Santa Elena Peninsula to the north (Denyer & Gazel, 2009; Gazel et al., 2006). However, as no contact or
clear lithological relation to the Santa Elena Nappe is present and the Murciélago Islands basalts contain
a geochemical signature almost identical to CLIP magmas, other authors relate the Murciélago Islands
basalts to the Nicoya Complex (Escuder-Viruete et al., 2015; Madrigal et al., 2015). Exclusive evidence on
the tectonic relationship between the Murciélagos Islands basalts, the Santa Elena Nappe, and the Nicoya
Complex remains absent.

3. Sampling and Ages

We collected a total of 243 cores and 74 hand samples for paleomagnetic analysis, categorized in three
groups: Murciélago Islands basalts (Islas Murciélagos, IM), Nicoya basalts (NB), and Nicoya cherts (NC).
We obtained samples from three different islands of the Murciélago Bay: Isla Cocinero (IM1, IM2), Isla
San José (IM3, IM6), and Isla Las Golondrinas (IM5). Except for IM2, where we took seven samples from
a single lava, all samples are from individual pillow basalts (9, 17, 12, and 7 samples, respectively).
Bedding orientations (strike 279, dip 75°N) are consistent throughout the islands and *°Ar/*’Ar dating of
intrapillow glass and whole rock matrix has yielded ages of 113.4 + 3.5 Ma (Isla Las Golondrinas,
Madrigal et al., 2016) and 109.0 + 2.0 Ma (Isla Cocinero, Haulff et al., 2000), respectively.

We sampled the Nicoya basalts at sections of pillow basalts along the western coast of the peninsula,
whereby each sample is from an individual pillow. To optimize the amount of geological time within each
sample set in order to average paleosecular variation, we collected the samples at sections of hundreds of
meters thick with the spacing between samples generally 5-10 m. At locality NB1, which is located between
Playa del Coco and Punta Cacique, we obtained 76 cores from a ~500-m-long section. “°Ar/**Ar dating of
these basalts yielded ages of 139.1 + 1.1 (Hoernle et al., 2004) and 137.1 + 2.5 Ma (Madrigal et al., 2016).
At locality NB2, on the beach of Puerto San Juanillo, we obtained 67 samples from ~700 m of exposure.
The pillow basalts are interbedded with thin layers of radiolarian chert, indicative of a significant amount
of geological time within this section. “°’Ar/**Ar dating yielded an age of 119.4 + 1.1 Ma (Hoernle et al.,
2004). At locality NB3, at the beach of Montezuma, we collected 46 samples from a ~ 500-m section of pillow
basalts (NB3.1-3.13, 3.24-3.46) interbedded with fine grained sediments containing small grains of chert
(NB3.14-3.23). Calcareous intrapillow sediments contain late Cenomanian-Turonian (~94 Ma) foraminifera
(Tournon & Alvarado, 1997).

The sampled Mn-radiolarites occur as isolated and highly tectonized exposures on the northwestern Nicoya
Peninsula. We sampled sites of 7-11 hand samples in stratigraphic order, generally within 1 or 2 m of expo-
sure. All NC exposures belong to the Nicoya Complex and were previously dated by radiolarian biostratigra-
phy by Denyer and Baumgartner (2006). Sites NC1 and NC2 (eight and seven hand samples) were collected
from a quarry located north of the town of Sardinal de Carrillo. This exposure is characterized by tight folds
and generally steeply dipping strata (~70°). Radiolarian assemblages from this outcrop range from middle
Oxfordian to early Tithonian (~155-145 Ma). Site NC3 (nine hand samples) is located 2 km farther north,
near the town of Santa Rita. Radiolariates from this exposure contain late Barremian to early Aptian
(~123-119 Ma) radiolarian assemblages. Sites NC4 and NC5 (10 and 9 hand samples) were collected from
a heavily weathered and tectonized exposure located in Oratorio de Cartagena, containing the oldest radi-
olarian assemblage in the Nicoya Peninsula which is Bajocian in age (~174-166 Ma). Sites NC6 and NC7
(10 and 11 hand samples) were sampled in Punta Conchal. This locality is characterized by the occurrence
of late Valanginian-Hauterivian to Aptian radiolarian assemblages (~133-111 Ma). At site NC6, we sampled
both west and north dipping limbs of a fold. Finally, site NC8 (10 hand samples) was sampled from a small
road-cut exposure near the village of Huacas, containing late Bajocian-early Bathonian (~167-164 Ma)
radiolarian assemblages.

4. Methods

From basaltic rocks, we sampled typical paleomagnetic cores, 2.5 cm in diameter, with a gasoline-powered
motor drill, and measured their orientation with an ASR OR-2 orientation device and Brunton compass.
From cherts, we took oriented hand samples, and we drilled one to six cores per hand sample in the labora-
tory using a drill press. The cores were cut with a double blade circular saw into samples of 2.2-cm length.
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Laboratory analyses were carried out at the Paleomagnetic Laboratory Fort Hoofddijk at Utrecht University
in the Netherlands. Basalt samples were subjected to either stepwise thermal (TH) or alternating field (AF)
demagnetization and chert samples to TH demagnetization only. Natural remanent magnetizations (NRMs)
were measured on a 2G Enterprises SQUID cryogenic magnetometer. We used the following demagnetiza-
tion steps: 0, 4, 8, 12, 16, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80 mT for AF treatment, and 20, 100, 150, 200, 250,
300, 330, 360, 390, 420, 450, 480, 510, 540, 560, 580, 600, 620, 640, 660, 680 °C (or until complete demagne-
tization) for TH treatment. AF treatment samples were preheated at 150 °C to reduce effects of weathering
on the NRM (van Velzen & Zijderveld, 1995), and demagnetization was performed on an in-house developed
robotized demagnetization device (Mullender et al., 2016). Sample interpretation and statistical analysis
were performed in the online portal paleomagnetism.org (Koymans et al., 2016), using orthogonal vector
diagrams (Zijderveld, 1967) and principal component analysis (Kirschvink, 1980). Because of the extraordi-
narily low sedimentation rate of radiolarian cherts (e.g., Matsuda & Isozaki, 1991), we calculated site mean
directions from individual samples (instead of from hand samples means), to preserve all information on
paleosecular variation (PSV) in the magnetization of the chert sites. Site means were calculated from virtual
geomagnetic poles after a 45° cutoff (Johnson et al., 2008) using Fisher (1953) statistics. We calculated the N-
dependent values of A95,;, and A95,x, following statistical procedures described in Deenen et al. (2011,
2014). Fold tests (Tauxe & Watson, 1994) and bootstrapped coordinate tests (Tauxe, 2010) were performed
when applicable. All paleomagnetic results are summarized in Table 1, and data files can be found in the
supporting information.

5. Paleomagnetic Results
5.1. Basalts

Demagnetization diagrams of NB1, NB2, and NB3 generally show two types of behavior. The majority (65/77
for NB1, 63/69 for NB2, and 43/44 for NB3) of the samples reveal an overprint at steps up to 20 mT or 210 °C
and linear decay toward the origin at 40-60 mT or 580 °C (e.g., NB1.18A, NB1.48A, NB1.59A, NB2.10B,
NB2.27, NB2.28, NB3.28A, and NB3.41A, Figures 3b—3d, 3f and 3g, and 3j and 3k). The rest of the samples,
generally the weaker ones, reveal the same overprint but subsequently scatter around the origin instead of
decaying toward it (e.g., NB1.2, NB2.1A, and NB3.7B, Figures 3a, 3¢, and 3i). The latter samples are not inter-
preted. Initial intensities range between 10 mA/m and 30 A/m. In all three sites, inclinations scatter around
zero, so both upward and downward directed inclinations are present. All directions (within the 45° cutoff)
have northwest to southwestward declinations, indicating that there are no reversals recorded within sites
NB1, NB2, and NB3. There is not sufficient variation in bedding throughout the sections to perform mean-
ingful fold tests. The average (tilt-corrected) characteristic remanent magnetization (ChRM) directions are
NB1: Dec + AD, = 286.1 + 5.0°, Inc + AL, = 7.7 + 9.9°, n = 54, K = 16, A95 = 5.0; NB2: Dec + AD, =
228.3 +5.3°, Inc + AL, = 17.2 + 9.8°, n = 42, K = 18.7, A95 = 5.2; NB3: Dec + AD, = 254.2 + 6.5°, Inc +
AL =10.2 + 12.7°, n = 26, K = 20.1, A95 = 6.5 (Table 1).

Demagnetization diagrams from IM1, IM3, IM5, and IM6 reveal a low-temperature/coercivity overprint and
linear decay toward the origin at demagnetization steps up to 80 mT or 580 °C. ChRMs are generally inter-
preted at 16-50 mT or 360-500 °C (Figures 4a and 4c-4f). Initial intensities range from 0.5 to 20 A/m. Similar
to NB1, NB2, and NB3, inclinations scatter around zero, and all declinations (within the 45° cutoff) are west-
ward, indicating that there are no reversals recorded within sites IM1356. The average tilt-corrected ChRM
direction is Dec + AD, = 291.1 +4.9°, Inc + AL, = 3.8 + 9.7°, n = 44, K = 22.1 and A95 = 4.9. For samples
from IM2, most of the magnetic signal is lost within the first four demagnetization steps, and therefore,
ChRMs can only be interpreted in low temperature/coercivity steps (330-420 °C or 12-20 mT, Figure 4b).
The resulting directions are significantly different from IM1356, and the interpreted ChRM directions have
a k value of 28.9, indicating higher amounts of scatter than expected for samples from a single lava, which
should represent a spot reading of the magnetic field (generally k <« 50, e.g., Biggin et al., 2008). For these
reasons, we exclude IM2 from further analysis.

The sampled rocks from sites NB2, NB3, and IM1356 formed during the Cretaceous normal superchron, and
therefore, when assuming that the interpreted magnetization was acquired during formation of the rocks,
the polarity of these samples must be normal. As a result, a southern hemisphere origin for NB2, NB3,
and IM1356 can be excluded, and the westward declinations represent counterclockwise rotations.
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Because demagnetization behavior and directions from NB1 are very similar to NB2 and NB3, we interpret
these results to reflect counterclockwise rotations and a northern hemisphere origin as well.

5.2. Cherts

Contrary to the sampled pillow basalt sections, the sampled cherts lack any indication of stratigraphic
younging direction. Therefore, correcting for bedding tilt yields two options: a smaller correction when
the sediments are considered not to be overturned (hereafter: tcl) or a larger correction assuming overturned
strata (tc2).
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. NC1 and NC2: Initial intensities range from 0.5 to 20 mA/m and ChRMs are interpreted between 500 and

680 °C (Figures 5a-5c¢). Directions from sites NC1 and NC2 share a common mean (Figure 6a). A series of
fold tests (indeterminate for NC1, negative (tcl, best fit between —29% and 24% unfolding) or indetermi-
nate (tc2) for NC2, and negative for NC1 and NC2 combined (best fit between —20% and 27% [tc1] or
—41% and 14% [tc2] unfolding, Figure 6e) indicates that the magnetization is post-tilting and sites NC1
and NC2 are remagnetized.

. NC3: Initial intensities range from 4 to 400 mA/m and ChRMs are generally interpreted in high tempera-

ture steps (550-680 °C, Figure 5d). Dispersion of the interpreted directions (Figure 6f) is essentially ran-
dom (K = 2.5), which does not allow calculation of a meaningful mean direction. We reject this site from
further analysis.

. NC4: Initial intensities range from 0.6 to 10 mA/m and ChRMs are generally interpreted between 500 and

620 °C (Figures 5e and 5f). Variations in bedding orientations within the site allow for a fold test, which is
negative (best fit between 7% and 20% [tc1] or —14% and —5% [tc2] unfolding, Figure 6h), and the mean
direction in insitu coordinates is indistinguishable from the Geocentric Axial Dipole (GAD) field (inc:
20°, Figure 6g). We therefore interpret site NC4 to be recently remagnetized.

. NC5: Due to the weathered nature of the rocks, many hand samples were lost during drilling in the

laboratory, leaving only nine samples available for demagnetization. Initial intensities range from 35
to 85 mA/m and ChRMs were generally interpreted between 360 and 500 °C (Figures 5g and 5h).
Interpreted directions yield a near-random distribution (K = 1, Figure 6i), and no meaningful site mean
can be calculated. We exclude these results from further analysis.

. NCe6: Initial intensities range from 4 to 70 mA/m and ChRMs are generally interpreted between 330 and

580 °C (Figures 5i and 5j). Again, dispersion of the interpreted directions (Figure 6j) is too high (K = 2.5)
to allow for calculation of a meaningful mean direction, and we reject this site from further analysis.

. NC7: Initial intensities range from 4 to 70 mA/m. Demagnetization behavior varies: some samples con-

tain three components (a low-temperature north-directed overprint, an intermediate component, and a
high-temperature component trending toward the origin, e.g., NC7.61IB, Figure 5k), other samples con-
tain a single component (e.g., NC7.9IA, Figure 51). The intermediate component (~200-400 °C) repre-
sents a postfolding magnetization (best fit between —49% and 58% [tc1], tc2 is indeterminate). ChRMs
(the high-temperature or single component) are generally interpreted between 330 and 580 °C, yielding
both normal and reversed directions (Figure 6k). The polarity changes follow a stratigraphic pattern:
reversals are recorded between samples NC7.2 and NC7.3 and between NC7.6 and NC7.8. Both the rever-
sal test and fold test are positive (best fit between 42% and 150% [tc1], tc2 is indeterminate, Figure 61). The
absence of control on hemispheric origin, polarity, or younging direction of the sampled sediments is not
problematic for this site, as both tilt corrections (tc1 and tc2) yield directions with a common mean.
Furthermore, both possible inclinations (2.3° or —2.3°) fall within each other's uncertainty limits (AL,
= 12.9). Figure 7 and Table 1 include NC7 corrected with tcl and in conjunction with results from NB
and IM, representing counterclockwise rotations, resulting in a lower hemispheric origin (paleolatitude:
—1.1°). The average tilt-corrected ChRM direction of NC7 is Dec + AD, =221.3 + 6.5°, Inc + AL, =—-2.3 +
12.9° n = 23, K = 22.8, and the distribution of ChRMs satisfies the quality criteria of representing PSV
(A95min = 3.4 < A95 = 6.5 < A95max = 11.4).

. NC8: Demagnetizations from NC8 show consistent linear decay toward the origin at ~620-680 °C.

ChRMs are interpreted between 360 and 680 °C and initial intensities range between 10 and 20 mA/m
(Figures 5m and 5n). Fold tests are indeterminate (tcl) or indicate that acquisition of the magnetization
was synfolding (best fit between 22% and 78% unfolding, tc2, Figure 6n), and the dispersion parameter is
73.5 (in in situ coordinates). Such a high K value on a site of sedimentary rocks indicates that a limited
amount of secular variation is recorded, which is in line with a (rapid) remagnetization during folding.

5.3. Summary of Paleomagnetic Results

Due to the unavailability of fold and reversal tests for sites NB1, NB2, NB3, and IM1356, we cannot exclude
that their ChRM directions represent a shared remagnetization, which would explain the absence of
reversals in NB1. However, the absence of reversals in NB2, NB3, and IM1356 is consistent with the age
of the rocks and magnetization acquisition during the Cretaceous normal superchron, and for all sites,
the distributions of ChRMs satisfy the quality criteria of representing PSV (Table 1). We conclude that
the magnetizations of NB1, NB2, NB3, and IM1356 are potentially primary. ChRM directions from NC7
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Figure 6. (a) Mean directions of sites NC1 and NC2, sharing a CTMD; (b-d) characteristic remanent magnetization (ChRM) directions of sites NC1 and NC2 in
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in light blue) based on 1,000 bootstraps (average of bootstraps in red); (f) ChRM directions of site NC3; (g) ChRM directions of site NC4, including the GAD field in
purple; (h) bootstrapped foldtest of site NC4: cumulative distribution function (with confidence interval in light blue) based on 1,000 bootstraps (average

of bootstraps in red); (i-j) ChRM directions of sites NC5 and NC6; (k) ChRM directions of site NC7 containing both normal and reversed distributions;

(1) bootstrapped foldtest of site NC7; (m) ChRM directions of site NC8; (n) bootstrapped foldtest of site NC8.

are highly likely to represent a primary magnetization: ChRMs satisfy the quality criteria of representing
PSV, reversals are present and follow a stratigraphic pattern, and both the fold and reversal tests are
positive. All other cherts sites yielded unsuccessful results. The results of NC7 are potentially affected by
inclination shallowing due to compaction after acquisition of the magnetization. However, if present,
such an effect of compaction is largest at midrange latitudes (40°-50°N or S), and very minor around the
poles and equator. Correcting for inclination shallowing by using a typical compaction factor for fine-
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Figure 6. (continued)

grained sedimentary rocks (0.6-0.7) would steepen the inclination of NC7 only slightly, from +2.3° to
+3.3°-3.8° (Figure 7).

The paleomagnetic data from successful sites ([potentially] primary) indicate that the rock assemblages of
the Nicoya Peninsula and Murciélago Islands formed within 10° of the equator during the Cretaceous.
The consistent southwest to northwest directed declinations demonstrate a regional counterclockwise verti-
cal axis rotation. However, significant variations in declination between sites indicate smaller, local rotations
as well, probably due to local faulting (Figure 7). Previous paleomagnetic studies on younger (Campanian-
Maastrichtian to Paleocene) rocks of the Nicoya Peninsula (Di Marco et al., 1995; Gose, 1983) yielded similar
paleolatitudes (within 15° of the equator), but different rotations. Declinations of these younger rocks are
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Figure 7. Paleomagnetic data from the Nicoya Peninsula and the Murciélago Islands. (a) Sampling locations and declina-
tions with confidence parachutes (D,); (b) paleolatitudes.

around zero, indicating that the counterclockwise rotation documented by the west directed declinations of
this study occurred in Late Cretaceous times.

6. Discussion

6.1. Tectonic Interpretation of the Nicoya Peninsula

Our study attempts to kinematically link the Caribbean Plate with the oceanic plates of the Panthalassa
Ocean in Mesozoic times. To this end, the Jurassic and Cretaceous rock record of the Nicoya Peninsula
and Murciélago Islands is the most promising archive to constrain such a reconstruction, but this requires
that this rock record is an integral part of the lithosphere of the western Caribbean Plate. This, however,
is not beyond controversy and first requires discussion as to what extent rocks exposed on the Nicoya
Peninsula and Murciélago Islands may be far-traveled, accreted exotic fragments, as recently suggested by
Madrigal et al. (2016). Based on geochemistry, these authors interpreted the Cretaceous basalts exposed
on the Nicoya Peninsula to represent small fragments of three separate LIPs (the ~140 Ma Nicoya I LIP
and ~120 Ma Nicoya II LIP that formed at the Farallon-Pacific ridge, and the ~90 Ma CLIP). The Madrigal
et al. (2016) plate tectonic model hinges on the assumption that it is unlikely or impossible for oceanic pla-
teau material spanning ~50 Myr to have been extruded on the same location on a moving oceanic plate.
Madrigal et al. (2016) therefore proposed that the different LIP fragments formed above the plume genera-
tion zone at the edge of the Large Low Shear-wave Velocity Province (LLSVP) below the Pacific Ocean as
imaged in modern mantle structure, and were later accreted and amalgamated to form the Nicoya
Complex. This scenario requires that the LIP fragments are currently separated by former subduction thrusts
that consumed the hundreds of kilometers of oceanic basement that would have originally been present
between the LIPs. Such a tectonic model would require the presence of typical ocean plate stratigraphy
sequences, consisting of oceanic basement, pelagic sediments, and trench fill deposits, forming accretionary
complexes separated by major thrust faults (Isozaki et al., 1990). However, no trench fill deposits or major
thrust faults have been documented between the different basalt and chert exposures. The Nicoya
Complex may thus rather be regarded as a coherent part of the upper, Caribbean Plate. Furthermore, in
the Madrigal et al. (2016) model, no Bajocian or older lithosphere is present in the equatorial eastern
Panthalassa Ocean to form the basement of the Nicoya Complex.

The alternative interpretation, in which the Nicoya Peninsula represents an integral part of the Farallon, and
later, Caribbean Plate, implies the in situ buildup of ~50 Myr of plume-related magmatism. As shown by
Torsvik et al. (2010), it is not uncommon for relatively small areas to contain a long history of plume-induced
magmatism. Regions that have been located in proximity to the edge of an LLSVP for long periods of time
(such as Southern Africa, southern Central Australia, or West Africa) contain plume-related magmatic rocks
covering tens to even hundreds of millions of years and may contain large and also small-volume
plume-related volcanic rocks. Hence, we argue that there is no direct necessity for the Nicoya basalts to
represent separate LIP remnants that formed at large distances from each other, as long as Nicoya was
located in close proximity to the edge of the LLSVP between ~140 and 90 Ma. We therefore chose the
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kinematically simpler scenario and reconstruct the Nicoya Peninsula and the Murciélago Islands as a single
coherent tectonic block. We follow the interpretation of Denyer and Baumgartner (2006) and interpret the
Nicoya Peninsula rock assemblages to have formed on (pre-)Bajocian crust on which Bajocian and younger
radiolarian cherts were deposited and multiple pulses of plume-related magmatism disrupted the original
basement structures. The complex remained in this intraplate setting until initiation of the western
Caribbean subduction zone immediately to its west and arrival at the southern margin of the
MCOT/Siuna terrane in Late Cretaceous time, after which it was covered by tuffaceous arc-derived
sediments and shallow water carbonates (Andji¢ et al., 2018; Denyer & Baumgartner, 2006). In the following
kinematic analysis, we test under which conditions this interpretation aligns with the available geological
and paleomagnetic data.

6.2. Kinematic Analysis

We develop a plate kinematic model that incorporates the Caribbean Plate into the Panthalassa plate system
for the Mesozoic, prior to the initiation of the western Caribbean subduction zone. To this end, we explore
connections of the Caribbean Plate to the plates reconstructed in the eastern Panthalassa Ocean at the time
of subduction initiation in the western Caribbean subduction zone and test the reconstruction against
paleomagnetic data. This analysis is challenging as a result of uncertainties in (1) the post-subduction
initiation reconstruction of the Caribbean Plate relative to the North and South American plates; (2) recon-
struction of the Farallon Plate relative to the Pacific Plate; (3) reconstruction of the position of the
Panthalassa plate system relative to the Indo-Atlantic plate system, which relies prior to 83 Ma on indepen-
dent mantle reference frames for both systems each with its own uncertainties; and (4) the age of initiation of
the western Caribbean subduction zone.

As basis for our reconstruction, we use the GPlates (Boyden et al., 2011) reconstruction of the Caribbean
region of Boschman et al. (2014; updated for Chortis based on Molina Garza et al., 2017) and add a polygon
containing the Murciélago Islands and Nicoya Peninsula. First, we reconstruct a ~90° counterclockwise rota-
tion of the Nicoya Peninsula and Murciélago Islands between 80 and 100 Ma, following our paleomagnetic
results. The sedimentary assemblages overlying the Nicoya Peninsula are thought to record the Late
Cretaceous collision with, or juxtaposition against, the southwestern margin of the North American Plate
represented by the MCOT/Siuna terrane (Andji¢ et al., 2018; Baumgartner et al., 2008). In the reconstruction
of Boschman et al. (2014), this area was considered to be the westernmost part of the Great Arc of the
Caribbean and was therefore reconstructed as part of the leading edge of the Caribbean Plate colliding with
continental Chortis at 85 Ma. If, on the other hand, this area is interpreted as the MCOT, it represents the
southernmost part of the North American Plate and the southern tip of the western North American conti-
nental margin subduction zone since ~140 Ma. Although this debated area is currently juxtaposed to the
Murciélagos Islands/Nicoya region, the different interpretations (and their implications) do not affect tec-
tonic reconstruction of the Murciélagos Islands/Nicoya region. In both scenarios (illustrated in the final
reconstruction), the Nicoya Peninsula, which represents the northwestern most part of the CLIP and
(future) Caribbean Plate arrives at the southern margin of the MCOT/Siuna terrane at 88 Ma, thereby ful-
filling stratigraphic constraints.

Next, we construct a Pacific-Farallon-Phoenix plate system using the isochrons of the Pacific Plate of Wright
et al. (2016) and create a conjugate set of Farallon isochrons east of it, assuming symmetrical spreading,
thereby constructing Pacific-Farallon plate motions. Similarly, we create Phoenix Plate isochrons conjugate
to the southern (E-W oriented) Mesozoic isochrons of the Pacific Plate and construct Pacific-Phoenix plate
motions. As relative Farallon-Pacific and Phoenix-Pacific plate motions are now established, so is the rate
and direction of spreading between the Farallon and Phoenix plates. Even though the exact geometry (i.e.,
location of former ridge and transform segments) of the Farallon-Phoenix isochrons cannot be determined,
we create hypothetical sets of isochrons for this spreading history, assuming symmetrical spreading and
using minimal transform offsets.

In the next step in our analysis, we attach the Caribbean Plate to the reconstructed Farallon Plate for times
prior to subduction initiation in the western Caribbean subduction zone, which marks the onset of relative
Farallon-Caribbean motion and the birth of the Caribbean Plate. For times after 83 Ma, this is relatively
straightforward, as the Pacific Plate was connected through Antarctica to the Indo-Atlantic plate circuit
(e.g., Wright et al., 2016). For times prior to 83 Ma, this connection is absent and relative plate motions
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SIAge Mantle  Age lithospheric Overlap North American Paleomagnetic Proximity LLSVP
(Ma) reference  basement (Ma) - Caribbean Plate data (140-110 Ma)
VdMm overlap g good fit
75 O'N 154-168 F' overlap ﬂ/ good fit V <10° pre-95 Ma
D overlap g/ good fit
vdm 154-168 F| overlap Q/ permitted v <10° pre-100 Ma
85 O'N M 180-185 overlap g/ permitted g/ <10° pre-120 Ma
D 'g( 180-185 M overlap Ij no fit J <10° pre-120 Ma

vdm g ~168 g/ <200 km overlap g permitted g <10° pre-105 Ma
920 O'N g( 185-190 overlap g permitted j <10° pre-130 Ma
D ‘M >190 m overlap F‘ no fit q/ <10° pre-130 Ma
Preferred g VdM ‘g( 168-180 g( no overlap g permitted g <10° pre-112 Ma
reconstruction
100 O'N M ~190 E( no overlap @/ permitted Z‘ >10°
D g{ >190 Lv_( no overlap no fit Z‘ >10°
VdM g( ~190 W( no overlap m no fit j <10° pre-130 Ma
110 O'N g( >190 g/ no overlap no fit Z| >10°
D ‘g( >190 M <200 km overlap Ij no fit j >10°

Figure 8. Results of testing the 15 different reconstructions against independent data sets. For the reconstructions with
subduction initiation at 75 Ma, whereby the Caribbean Plate is connected to the Farallon Plate after 83 Ma, the results
of the tests “Age lithospheric basement” and “Proximity LLSVP” do not vary between the different mantle frames, because
at 75 Ma the full reconstruction is connected through the plate circuit. The position of the Nicoya Peninsula relative to
Farallon isochrons and the edge of the large low shear-wave velocity province does therefore not vary.

can exclusively be estimated by placing both Panthalassa and Indo-Atlantic plate systems in mantle
reference frames. For the pre-83 Ma Panthalassa plate system, we use absolute plate motions of the
Pacific Plate (as published in Miiller et al., 2016), based on the Pacific fixed hot spot frame of Wessel and
Kroenke (2008; 0-144 Ma). Assuming hotspot fixity is a simplification: Wessel and Kroenke (2009) and
Konrad et al. (2018) have demonstrated changes in interhot spot distances, which the fixed hot spot frame
does not account for. Nevertheless, for pre-Late Cretaceous times, the Wessel and Kroenke (2008) frame
provides the only available constraint on plate motions of the Pacific Plate. We use the finite rotation
poles from Miiller et al. (2016). These authors published a smoothed version of the Wessel and Kroenke
(2008) frame for 83-140 Ma, in which cumulative 0-83 Ma Indo-Atlantic hotspot motion is accounted for
by connecting the Pacific hotspots to Indo-Atlantic hotspots at 83 Ma. Finite rotations for 83-140 Ma were
then calculated by using selected stage poles from Wessel and Kroenke (2008).

For the post-83 Ma Panthalassa system and the Indo-Atlantic plate system, we test three different frames; the
moving hotspot frames of Doubrovine et al. (2012; 124-0 Ma) and O'Neill et al. (2005; 140-0 Ma) and the
slab-fitted frame of van der Meer et al. (2010; 300-0 Ma). To test the implications of different subduction
initiation estimates, we attach the Caribbean Plate to the Farallon Plate at five different ages: 110, 100, 90,
85, and 75 Ma, resulting in a total of 15 possible reconstructions, the differences depending on the choice
of mantle frame and subduction initiation age.
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Figure 9. Paleomagnetic data compared to the expected paleolatitudes of the Nicoya Peninsula as predicted by the 15 dif-
ferent reconstructions, calculated for a reference location within the Nicoya Peninsula (10.1°N, 85.5°W). Reference values
as predicted by the global apparent polar wander path of Torsvik et al. (2012).

We then test the 15 possible reconstructions against parameters not used to build the reconstructions above.
These include (a) the kinematic feasibility of Caribbean lithosphere motion relative to the North American
Plate (including the MCOT and the Chortis block) for times prior to subduction initiation. In reconstructions
toward the younger end of the western Caribbean subduction initiation spectrum, an overlap between the
northern margin of the Caribbean Plate and the southern margin of the North American Plate is present
at ~100-80 Ma, whereas reconstructions with older subduction initiation ages yield no or little overlap
(Figure 8); (b) the age of reconstructed Farallon lithosphere at the location of the Nicoya Peninsula, which
should be at least Bajocian (~170 Ma) in age given the oldest radiolarian cherts on the Nicoya Peninsula. We
consider reconstructions in which the Nicoya complex is located southwest of the 168 Ma isochron (on <168
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Figure 10. Reconstruction of the Caribbean region in the mantle stationary reference frame of van der Meer et al. (2010),
with subduction initiation at 100 Ma. Outline large low shear-wave velocity province (LLSVP) is the —1% contour line
(within this line: >1% slower than average mantle) of the SMEAN shear wave velocity model (Becker & Boschi, 2002) at
2,800-km depth (from Torsvik et al., 2006). Dashed: Siuna terrane (part of Caribbean Plate); dotted: MCOT (part of
North American Plate); 140-125 Ma: the Nicoya Peninsula, located at the northwestern tip of the future Caribbean Plate,
is close to the edge of the Pacific LLSVP; 100 Ma: subduction initiation in the western Caribbean subduction zone; 88 Ma:
Nicoya is located adjacent to the southwestern margin of the North American Plate (MCOT). Euler poles for the
Caribbean Plate and the Nicoya/Murciélagos block can be found in the supporting information.

Ma crust) less plausible. A good match exists between the age of the reconstructed Farallon basement
underlying the reconstructed Nicoya Peninsula and the oldest radiolarian cherts now included in the
Nicoya complex for all reconstructions, except for those with a 75 Ma subduction initiation age (Figure 3);
(c) paleomagnetic data from the Nicoya Peninsula and Murciélago Islands (Figures 7 and 9); and (d)
proximity of the Nicoya Peninsula to the edge of the Pacific LLSVP at the time of extrusion of plateau basalts.

For the paleomagnetic test, we use the tool on paleomagnetism.org developed by Li et al. (2017) that allows
testing whether Euler-pole based tectonic reconstructions agree with paleomagnetic data. To this end, we
compute Euler poles in 10-Myr steps for the Nicoya Peninsula relative to Africa for all 15 reconstructions
and calculate the global apparent polar wander path of Torsvik et al. (2012) into coordinates of the Nicoya
Peninsula. In doing so, we switch from a reconstruction of plate motions relative to the lower mantle (that
depends on the choice of mantle frame for the pre-83 Panthalassa plate system and the Indo-Atlantic plate
system) to a reconstruction of plate motions relative to the spin axis, which enables comparison to paleomag-
netic data. The paleolatitudes, declinations, and inclinations are computed for a reference point within the
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Nicoya Peninsula (10.1°N, 85.5°W). The paleomagnetic data yield a better fit for reconstructions with
younger subduction initiation ages (Figures 8 and 9).

Finally, we test whether the Nicoya Peninsula is in close proximity (within 10°, as are most reconstructed
LIPs, Torsvik et al., 2006) to the edges of the Pacific LLSVP during the phases of LIP basalt extrusion
(~139-133, ~120-110, and ~95-83 Ma). In all 15 reconstructions, the ~100-90 Ma position of the Nicoya
Peninsula (i.e., during CLIP emplacement) is (>1,000 km) east of the edge of the Pacific LLSVP, as is the
present-day position of the Galdpagos hotspot (~850 km). For the two older pulses of LIP magmatism at
~139-133 and ~120-110 Ma, the Nicoya peninsula restores closer to the LLSVP edges with younger western
Caribbean subduction initiation ages (Figure 8).

Summarizing all four tests, kinematic feasibility and the required age of the lithospheric basement point
toward old (>100 Ma) subduction initiation ages, whereas the paleomagnetic data and LLSVP-proximity
are better in line with young subduction initiation ages (<90/85 Ma). The first two of these tests are the most
conclusive: overlap between two continental terranes or the absence of (pre-)Bajocian crust yields simply
impossible reconstructions. The latter two are less robust, due to uncertainties in the nature of the magnetic
signal (primary or remagnetized—except for NC7), and the uncertain allowance of 10° distance from the
LLSVP. The reconstruction in the mantle reference frame of van der Meer et al. (2010) with a subduction
initiation age of 100 Ma provides the optimal result, in full agreement with the first two tests, and permitted
by the latter two (Figures 8 and 10).

6.3. Implications for Western Caribbean Subduction Initiation

Our attempt to reconstruct the Mesozoic history of the Caribbean Plate within the Panthalassa Ocean yields
areconstruction that is kinematically feasible, provides a sound explanation for the buildup of 50 Myr of LIP
material on the Nicoya Peninsula, and is in line with the available paleomagnetic data. This successful
reconstruction indicates that the lithosphere underlying the Caribbean Plate formed due to Farallon-
Phoenix spreading prior to initiation of the western Caribbean subduction zone and predicts that the
Caribbean Plate is underlain by Jurassic lithosphere that increases in age toward the northeast.

These findings have important implications for the setting of formation of the western Caribbean subduction
zone. Current dynamic and kinematic models widely infer that intraoceanic subduction initiation occurs
along preexisting weakness zones at or close to active plate boundaries (transform faults and mid-ocean
ridges; Agard et al., 2007; Duretz et al., 2016; Hall et al., 2003; Leng & Gurnis, 2011; Maffione et al., 2015;
Maffione & van Hinsbergen, 2018; Stern, 2004; Stern & Gerya, 2017; Stern et al., 2012). In our reconstruction,
the western Caribbean subduction zone formed at high angles to inferred Farallon-Phoenix isochrons and,
given reconstruction uncertainties, may have formed parallel to fracture zones. However, with a subduction
initiation age of ~100 Ma, the western Caribbean subduction zone formed in lithosphere that was at least 70
Myr old at that time and was located far away from active intraoceanic plate boundaries. Such old litho-
sphere is strong, cold, and therefore a surprising locus for intraoceanic subduction initiation.

In this respect, our reconstruction may provide additional support for the proposal of Whattam and Stern
(2015) for plume-induced subduction initiation (Gerya et al., 2015) in the western Caribbean region. The
eruption of the CLIP basalts around the Caribbean region is mostly ~90-85 Ma in age (see compilation in
Whattam & Stern, 2015), somewhat younger than the best fit subduction initiation age of 100 Ma estimated
here. This may be the result of reconstruction uncertainty, but on the other hand, numerical models have
shown that the dynamic effects of plume rise on plates may precede LIP emplacement by ~10-15 Myr
(van Hinsbergen et al., 2011). We therefore concur that the Caribbean region may be an elegant test case
for plume-induced subduction initiation within an old oceanic lithosphere.

7. Conclusions

We developed a plate kinematic model that incorporates the Caribbean Plate into the Panthalassa plate sys-
tem for Mesozoic times by connecting the Caribbean lithosphere to the Farallon Plate prior to subduction
initiation in the western Caribbean subduction zone. This reconstruction is nonunique due to the uncertain
age of subduction initiation in the western Caribbean subduction zone, as well as differences between avail-
able mantle reference (absolute plate motion) frames. We therefore developed 15 reconstruction scenarios,
which we then tested against four parameters not used to build the reconstructions: (1) kinematic feasibility;
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(2) age of the Farallon plate lithosphere at the location of the restored Nicoya Peninsula, which must have
been older than the oldest (Bajocian) radiolarian cherts of the peninsula; (3) newly presented paleomagnetic
data; and (4) proximity to the edge of the Pacific LLSVP during the 50 Myr period of buildup of LIP material
in the Nicoya Complex. Many paleomagnetic sites from the Nicoya Peninsula and Murciélago Islands of
northwestern Costa Rica did not yield meaningfull results, but the few sites with a (potentially) primary
magnetic signal indicate that these terranes formed within 10° of the equator in Cretaceous time and consis-
tently underwent counterclockwise vertical axis rotations. Considering all four tests, the reconstruction in
the mantle reference frame of van der Meer et al. (2010) with a subduction initiation age of 100 Ma provides
the optimal result. This implies that the western Caribbean subduction zone initiated in an intraoceanic set-
ting around the time of emplacement of the Caribbean Large Igneous Province, breaking up oceanic litho-
sphere of at least 70 Myr old.
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