
1. Introduction
Regions where plate boundaries transition from subduction to transform motion are sites of complex defor-
mational processes that are not well understood. Strain partitioning in such plate corners can vary consid-
erably depending on plate geometry and other factors (e.g., Govers & Wortel, 2005; McCaffrey et al., 2007; 
Mann, 2007; Wallace et al., 2004). Much attention has been given to plate corners in which a converging 
plate is subducting and colliding along a concave boundary relative to the overriding plate. In this geome-
try, strain is concentrated at the plate corners and can form syntaxial regions characterized by bending of 
geologic structures, topography and focused exhumation (e.g., Arkle et al., 2013; Enkelmann et al., 2009; 
Zeitler et al., 2001). Studies in the syntaxes of southern Alaska and the Himalaya have shown that feedbacks 
between tectonics and surface processes can develop in syntaxial corners that result in some of the highest 
documented exhumation rates on Earth (e.g., Enkelmann et al., 2009; Koons et al., 2010; Zeitler et al., 2014). 
However, few studies exist that have explored exhumation along plate corners where subduction and col-
lision of a plate occur along a convex boundary relative to the overriding plate. This geometry causes the 
subducting lithosphere to detach or tear away from the passive continental lithosphere beneath the surface 
transform boundary (Govers & Wortel, 2005; Wortel et al., 2009). The locus of active lithospheric tearing 
propagates toward the subduction zone and is referred to as a subduction-transform edge propagator (STEP; 
Govers & Wortel, 2005). Numerical models predict forearc vertical-axis block rotations along STEP margins 
(McCaffrey et al., 2007; Wallace et al., 2004) and kilometer-scale uplift and basin subsidence in the adjacent 
overriding plate (Clark, Zelt, et al., 2008; Govers & Wortel, 2005; Wortel et al., 2009). These crustal defor-

Abstract Plate corners that transition from subduction to transform motion can result in complex 
deformation. The southeastern corner of the Caribbean plate is a site where active westward subduction 
of the oceanic South American plate transitions to transform motion along continental South America. 
The Northern Range (Trinidad) and Paria (Venezuela) metamorphic mountains are located directly above 
this eastward propagating plate transition zone. We examined the exhumation history of the Northern 
Range and eastern Paria using apatite fission track (AFT) and apatite and zircon (U-Th)/He (AHe and 
ZHe, respectively) thermochronology on 21 bedrock samples. These samples yield ages of ∼43–6 Ma 
(ZHe: aliquots), ∼20–4 Ma (AFT: pooled) and ∼5–2 Ma (AHe: aliquots). Along strike of the mountains, 
our new and published samples show a gradual eastward increase in age. Thermal modeling reveals two 
phases of rapid cooling and inferred exhumation that post-dates oblique collision and that migrated from 
west to east. We record an ∼six-fold increase in cooling and exhumation between ∼13–9 Ma in the Paria 
Peninsula and western Northern Range; a deceleration followed this rapid exhumation at ∼7 and 5 Ma. 
Synchronous with the deceleration in the west, exhumation of the eastern Northern Range increased 
∼4 Ma. These post-collisional changes in exhumation constrain the inversion to east-side-up tilting of the 
Northern Range to ∼4 Ma. We interpret the timing and pattern of exhumation since the mid-Miocene to 
be consistent with the time-transgressive processes produced by an eastward propagating lithospheric 
subduction-transform edge propagator fault.
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mation patterns may occur over hundreds of kilometers in front of and behind a propagating STEP and are 
expected to exhibit specific temporal variations (Govers & Wortel, 2005; Wortel et al., 2009). Despite this 
general understanding, there is a lack of empirical data to test these models.

The southeast corner of the Lesser Antilles subduction zone is considered to be a STEP fault type-locality 
(Figure 1; Bilich et al., 2001; Govers & Wortel, 2005; Molnar & Sykes, 1969; Nijholt & Govers, 2015; Polonia 
et al., 2016; Russo et al., 1993; van Benthem et al., 2013; Wortel et al., 2009). The mountains of the Paria 
Peninsula in eastern Venezuela and Northern Range in Trinidad (and associate Maturin basin) currently 
straddle the largest negative continental Bouguer gravity anomaly on Earth (Russo & Speed, 1992). This 
gravity anomaly is attributed to mantle flow associated with the plate boundary transition from westward 
subduction of the oceanic South America plate to strike-slip motion between the continental South Amer-
ican and oceanic Caribbean plates (Figure 1; Alvarez, 2014; Clark, Levander, et al., 2008; Clark, Sobiesiak, 
et al., 2008; Clark, Zelt, et al., 2008; Miller et al., 2009; Russo et al., 1993). Eastward propagating detach-
ment of oceanic South American lithosphere is proposed to accommodate subduction within a STEP fault 
zone along the positively buoyant continental South American lithosphere (e.g., Govers & Wortel, 2005; 
Molnar & Sykes, 1969; Clark, Levander, et al., 2008; Clark, Zelt, et al., 2008). STEP fault processes, such as 
asthenospheric flow, isostasy, and flexural bulging, are possible drivers of uplift and subsidence along this 
portion of the North American margin (Alvarez, 2014; Arkle, Owen, Weber, Caffee, & Hammer, 2017; Clark, 
Levander, et al., 2008; Clark, Sobiesiak, et al., 2008; Clark, Zelt, et al., 2008; Miller et al., 2009; van Benthem 
et al., 2013).
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Figure 1. Tectonic setting of the southeast Caribbean showing major tectonic terranes and provinces (dashed white lines and white text) overlying topography 
(0.5-km-resolution digital elevation model from the U.S. Geological Survey), modified after Soto et al. (2011) and Speed and Smith-Horowitz (1998). Terranes 
of the Caribbean plate override the subducting oceanic portion of the South American plate (yellow shading) and move in a dextral sense relative to the 
continental portion of the South American plate (green shading). Major (bold black lines) and minor (thin gray lines) faults show relative motion where 
known, including thrust (teeth), normal (bar), and strike-slip (arrows) faults (after Garciacaro et al., 2011; Prentice et al., 2010; Soto et al., 2011). The Paria 
Cluster of seismicity (gray star; Russo & Speed, 1992) is located within the STEP fault zone and the inferred location of the STEP (gray circle with an “S”) is 
shown. Relative Caribbean-South American plate motion from Weber, Dixon et al. (2001) and Weber et al., 2011. The gray box outlines the Paria Peninsula and 
Northern Range study area shown in Figure 2. AFZ–Arima fault zone; CB–Columbus Basin; CRFZ–Central Range fault zone; DRFZ–Darien Ridge fault zone; 
EPFZ–El Pilar fault zone; HLFZ–Hinge Line fault zone; NCFZ–North Coast fault zone.
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The mountains of the Paria Peninsula (Venezuela) and the Northern Range (Trinidad) sit directly above 
the plate boundary transition from subduction to transform motion (Figures 1 and 2). This region provides 
a unique setting to investigate the far- and near-field effects of the Caribbean plate corner transition. We 
use thermochronologic data to investigate the temporal and spatial patterns of rock uplift and exhumation 
above the STEP fault region. Our objectives are to (a) quantify the magnitude, rate, and timing of exhuma-
tion, and (b), evaluate the hypothesis that exhumation and deformation have been influenced by STEP fault 
activity.

2. Background
The mountains of the Paria Peninsula (Venezuela) and Northern Range (Trinidad) have experienced 
a protracted geologic history (Figure 2). Clastic protoliths of Paria Peninsula and Northern Range rocks 
were likely sourced from the Precambrian shield of South American; these and carbonate protoliths were 
likely deposited on a Jurassic-Cretaceous north-facing passive margin (e.g., Pindell et  al.,  1998). In the 
Miocene, the South American passive margin was contracted and tectonically thickened, and subducted 
beneath, and wedged over the Caribbean plate (Pindell et al., 2005; Roure et al., 1994; Russo & Speed, 1992; 
Summa et al., 2003). Metamorphism and exhumation of these mountains are widely attributed to oblique 
arc-continent collision from ∼25–10 Ma (Algar et al., 1998; Babb & Mann, 1999; Foland et al., 1992; Pindell 
et al., 1998; Weber, Ferrill, & Roden-Tice, 2001). At ∼10 Ma, the Caribbean-South American plate boundary 
stepped inboard to its current configuration and kinematics of transform motion (Figures 1 and 2; Algar & 
Pindell, 1993; Babb & Mann, 1999; Pindell et al., 1998).

ARKLE ET AL.

10.1029/2020TC006414

3 of 21

Figure 2. Geology of northeast Venezuela, the Gulf of Paria, and Trinidad on a 30-m-resolution digital elevation model showing bedrock thermochronology 
samples from this study and from Algar et al. (1998), Weber, Ferrill, and Roden-Tice (2001), and Cruz et al. (2007). Geology is generalized for the Paria 
Peninsula (Cruz et al., 2007) and Northern Range (de Verteuil et al., 2006) study area and south of the El Pilar and Arima fault zones (Soto et al., 2011). 
Structural data includes relative Caribbean-South American plate motion (Weber, Dixon, et al., 2001; Weber et al., 2011), the approximate location of the Paria 
Cluster of seismicity (star; Russo & Speed, 1992) along the STEP fault zone, and major faults (black lines) in the Gulf of Paria (Flinch et al., 1999), and Trinidad 
(Prentice et al., 2010; Soto et al., 2011). Locations of topographic and weather profiles are mapped and presented in Figures 3 and 4.
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The modern Caribbean-South American transform boundary strikes E-W on the El Pilar fault zone along 
the Paria Peninsula, steps right across the Gulf of Paria, and then strikes ∼N72°E through central Trinidad 
as the Central Range Fault (Figure 2; Babb & Mann, 1999; Weber, Dixon, et al., 2001; Weber et al., 2011). 
The current relative Caribbean plate velocity is ∼20 mm/yr toward ∼N86°E in Trinidad (Weber, Dixon, 
et  al.,  2001; Weber et  al.,  2011). The development of the Gulf of Paria basin is related to pull-apart ex-
tension (Babb & Mann, 1999). This extension contributes to the modern subsidence of the eastern Paria 
Peninsula and western Northern Range and likely caused Quaternary east-side-up tilting of the Northern 
Range (Arkle, Owen, & Weber, 2017; Arkle, Owen, Weber, Caffee, & Hammer, 2017; Ritter & Weber, 2007; 
Weber, 2005). The majority of current Caribbean plate boundary dextral shear, ∼12–15 mm/yr, is accom-
modated along the Central Range Fault in central Trinidad, which is ∼30 km south of the Northern Range 
(Figures 1 and 2; Weber, Dixon, et al., 2001; Weber et al., 2011).

Dextral plate motion that occurs between the oceanic Caribbean and continental South American plates in 
Venezuela and Trinidad transitions eastward and offshore to west-directed subduction of the oceanic South 
American plate beneath the Caribbean plate (Figure 1; Algar & Pindell, 1993; Pindell et al., 1998; Russo & 
Speed, 1994; Soto et al., 2011; Speed et al., 1991). The intersection of the subduction megathrust and trans-
form fault is the locus of active deep lithospheric tearing; this plate corner or edge is the site of an active 
STEP (Clark, Levander, et al., 2008; Clark, Sobiesiak, et al., 2008; Govers & Wortel, 2005). As lithospheric 
tearing propagates in a direction opposite to subduction, a STEP fault or fault zone develops in the wake 
(Baes et al., 2011; Özbakir et al., 2013). The southern Caribbean STEP fault zone is inferred from seismic to-
mography to be located along the margin of the continental South American lithosphere (Clark, Levander, 
et al., 2008; Clark, Sobiesiak, et al., 2008; Miller et al., 2009). The subducting oceanic lithosphere of the 
Atlantic slab (both the North and South American plates) is defined by a west-dipping Wadati-Benioff zone 
that extends to depths of ∼300 km beneath the Lesser Antilles island arc and shallows eastward toward its 
surface trace near Barbados (Russo & Speed, 1994; Speed et al., 1991; Wadge & Shepherd, 1984). The south-
ern termination of the Lesser Antilles trench is marked by the cessation of arc magmatism at the active 
subsea Kim'em Jenny volcano (near Grenada; ∼12°N), and by a change in seismicity between ∼12°–10°N at 
the South American slab edge (van Benthem et al., 2013). West of the South American slab edge seismicity 
reduces in frequency, occurs at shallow to intermediate depths, occurs as a nearly vertical plane, and has a 
significant dextral component of slip (Russo et al., 1993; Wadge & Shepherd, 1984). Shallow normal faulting 
to the E and NE of Trinidad makes up a broad field of horsts and grabens (Robertson & Burke, 1989; Russo 
et al., 1993; Weber et al., 2015) that could be related to plate flexure in a north-south direction ahead of the 
active STEP (Forsyth, 1975; Polonia et al., 2016). Behind the STEP (along Paria) downward plate flexure may 
reflect subsidence over the STEP-torn and sinking oceanic South American slab. Shallow dextral strike-slip 
faulting terminates or turns offshore east of Trinidad and, according to numerical models, can only occur 
up to the active subsurface STEP (Baes et al., 2011; Govers & Wortel, 2005). The location of the active STEP 
edge is defined at the intersection of shallow strike-slip faulting and the trench (Figure 1; circle with an “S”; 
after Nijholt & Govers, 2015). Offshore northern Venezuela, the Paria cluster of seismicity (star in Figure 1) 
is a source of frequent, deep (<200 km) earthquakes that occur within a narrow subvertical zone with a di-
ameter of ∼40 km (Clark, Sobiesiak, et al., 2008). This seismicity may be associated with the tearing process 
between the sinking slab in the north and the South America lithosphere in the south.

Directly above the proposed STEP fault, the east-trending metamorphic rock and coastal mountains that 
we study reach elevations of only ∼1 km above mean sea level and form a relatively narrow hinterland 
exposure (∼15 km wide). Relict ammonites reported from the Maraval assemblage in the Northern Range 
constrain some of the protolith depositional ages to be ∼150–67 Ma (Saunders, 1972). Metamorphic grade 
decreases eastward from greenschist to sub-greenschist grade (Figure  2; Frey et  al.,  1988; Gonzá lez de 
Juana et al., 1972). Muscovite 40Ar/39Ar ages indicate metamorphism at ∼25–30 Ma in the Paria Peninsula 
and the western Northern Range (Foland et al., 1992; Speed et al., 1997). Geothermometry data indicate 
that rocks in the eastern Northern Range did not experience temperatures >200–250°C (Weber, Ferrill, 
& Roden-Tice, 2001). Eastward decreases of metamorphic age and grade are inferred to be related to the 
initial collision of the southeast-directed Caribbean plate front, with compression occurring in front of the 
advancing plate (e.g., Pindell & Kennan, 2009). Previous thermochronology studies found zircon and apa-
tite fission track ages are fully reset in the Paria Peninsula and western Northern Range (Algar et al., 1998; 
Cruz et al., 2007; Weber, Ferrill, & Roden-Tice, 2001). In contrast, unreset zircon fission track (ZFT) ages are 
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located almost exclusively in the eastern Northern Range, along with three partially reset samples interpret-
ed to be dispersed due to counting on heavily abraded grains and/or annealing kinetics (Algar et al., 1998). 
These fission track ages were interpreted to indicate asymmetric exhumation, with exhumation decreasing 
eastward (Algar et al., 1998; Frey et al., 1988; Weber, Ferrill, & Roden-Tice, 2001).

Geomorphic patterns and estimates of surface uplift rates from Quaternary marine terraces indicate that the 
locus of uplift and exhumation in the west inverted to east-side-up tilting of the Northern Range post-col-
lision (Ritter & Weber, 2007; Weber, 2005). 10Be erosion rate data and geomorphic analyses indicate this 
inversion initiated during the mid-Pliocene to the Holocene and that tectonic tilting was the dominant 
driver of inversion and east-side-up tilting of the Northern Range (Arkle, Owen, Weber, Caffee, & Ham-
mer, 2017). The along-strike transition from surface subsidence in the west to uplifted topography in the 
east could alternatively correspond with STEP-related processes and be related to lithospheric flexure at 
the plate corner. Based on the spatial correlation of topography and the timing of the tectonic inversion, 
post-collision tectonic tilting of the Northern Range has recently been interpreted to be consistent with 
deep subsurface lithospheric detachment processes and associated crustal extension (Arkle, Owen, Weber, 
Caffee, & Hammer, 2017).

3. Methods
In this study, we use apatite and zircon (U-Th)/He (AHe and ZHe, respectively) and apatite fission track 
(AFT) thermochronometers to evaluate bedrock cooling and histories of the Northern Range and eastern 
Paria Peninsula. Thermochronology utilizes the preservation of radiogenic decay products in a mineral. 
Fission tracks and helium are thermally sensitive, and retention occurs through a range of temperatures 
referred to as the partial annealing zone (PAZ) for fission track (e.g., Green et al., 1986) and the partial 
retention zone (PRZ) for the (U–Th)/He systems (e.g., Farley, 2000; Reiners, 2005). The retention of radio-
genic products begins at a specific temperature within the PAZ or PRZ called a closure temperature (TC), 
which varies with cooling rate and mineral properties such as grain size and composition (Dodson, 1973; 
Farley, 2000; Reiners, 2005). Temperatures higher than a mineral's closure temperature can cause annealing 
of fission tracks or diffusive loss of helium and result in a reset cooling age (e.g., Brandon et al., 1998; Far-
ley, 2000; Flowers et al., 2009). In this study, we analyze thermochronologic systems with closure temper-
atures that range from ∼55–75°C (AHe; Farley, 2000), ∼100–120°C (AFT; Green et al., 1986), ∼160–200°C 
(ZHe; Reiners, 2005), and ∼210–300°C (ZFT; Brandon et al., 1998).

3.1. Sampling

Twenty-one bedrock samples, weighing 2–8 kg, were collected along an ∼160-km-long transect, which is 
sub-parallel to current relative Caribbean-South American plate motion (Figures 2 and 3). Eleven samples 
are from the western Northern Range and nine samples are from the eastern Northern Range. One bedrock 
sample from the Paria Peninsula was collected near the published data sites of Cruz et al. (2007; Figure 2). 
Since our study focuses on investigating exhumation related to the Caribbean plate's eastward motion, most 
samples were collected between sea level and ∼100 m, with only one high-elevation sample collected from 
a peak (El Cerro del Aripo) at ∼935 m. Most of the samples are from coarse-grained metasandstone, others 
include those from schist, metacarbonate, phyllite, and quartzite.

3.2. Analytical Techniques

Apatite and zircon grains were extracted from samples for (U-Th)/He and fission track analysis with sep-
aration techniques detailed in the supplemental text (e.g., Reiners & Farley, 2001). Raw apatite and zircon 
ages were corrected for alpha ejection effects (Ft correction) following the methods of Farley (2002). The 
reproducibility of single grain ages and the effects of possible radiation damage were evaluated with grain 
size and the effective uranium (eU) concentration, which is a proxy for radiation damage (Ault et al., 2019; 
Flowers et al., 2009). We consider ages to be reproducible when the 1σ is <20% of the mean age (Flowers 
et al., 2009). For dispersed aliquots with possible size or eU age controls, the range of single grain ages is 
reported for a sample (Ault et al., 2019; Flowers et al., 2009). We calculated the arithmetic mean (U-Th)/He 
age only for samples with more than two reproducible single grain ages (e.g., Fukuda et al., 2020).
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Apatite fission track ages were determined from spontaneous fission track densities in individual apatite 
grains and relative uranium concentrations using laser-ablation–inductively coupled plasma–mass spec-
trometry (LA-ICP-MS; Donelick et al., 2005). Dpar was measured on most grains from all dated samples to 
assess annealing kinetics. The chi-squared test [P (χ2)] was used to determine the statistical probability that 
a population of ages is drawn from a single age population with a normal distribution (e.g., Galbraith, 1990).

3.3. Thermal History Modeling

Time-temperature (t-T) histories were modeled using the program QTQt (Gallagher, 2012) with our new and 
published thermochronology data (Algar et al., 1998; Cruz et al., 2007; Weber, Ferrill, & Roden-Tice, 2001). 
Thermal histories in QTQt were calculated using a Bayesian Transdimensional Markov Chain Monte Carlo 
inversion, which computes 200,000 possible thermal histories and continually assesses each path with a 
log-likelihood function by applying an acceptance criterion that attempts to improve predictions (Gallagh-
er, 2012). An expected model is produced from the weighted average of the final probability distribution and 
includes the associated uncertainty for the samples with the coldest (highest elevation) and hottest (lowest 
elevation) thermal histories (Gallagher,  2012). This modeling approach allows for the joint inversion of 
multiple thermochronometers and multiple samples, and can determine a single thermal history of samples 
located in different structural positions and varying elevations (Gallagher, 2012).
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Figure 3. East-west profiles across the Northern Range in Trinidad, Gulf of Paria, and eastern Paria Peninsula in Venezuela correlated to location above the 
topography. (a) Thermochronology data apatite and zircon (U-Th)/He (AHe and ZHe data are single grain ages) plotted with (±1σ) and (b) exhumation and 
erosion rates derived over multiple time scales. Thermochronology data are from this study, Algar et al. (1998), Weber, Ferrill, and Roden-Tice (2001), and Cruz 
et al. (2007) and 10Be erosion rate data are from Arkle, Owen, Weber, Caffee, and Hammer (2017). Fission track samples that failed the chi-squared test or are 
partially reset have a line on the symbol and unreset zircon fission track (ZFT) ages are not shown here. Best-fit linear (black lines) and polynomial regressions 
(color corresponds to each thermochronometer) show the general data trends. Thermochronology data integrate over time periods of ∼40–4 Ma and 10Be data 
integrate over the last ∼55–6 ka (Arkle, Owen, Weber, Caffee, & Hammer, 2017). (c) Swath profiles of the mean (dark brown) and maximum (light brown) 
topography and average annual precipitation rates (Hijmans et al., 2005) over the region. Location of profiles are shown in Figure 2.
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Our multiple thermochronometer and multiple sample thermal modeling approach was based on exploring 
thermal histories within three structural-metamorphic regions (eastern Paria, and the western and eastern 
Northern Range), which are shown in Figure 5. Distinct changes in metamorphic grade and thermochro-
nology ages occur across the Gulf of Paria and along a N-S zone near the center of the Northern Range 
(hashed line, Figure 5); this includes the occurrence of unreset ZFT ages located almost exclusively in the 
east, which separates the western from eastern Northern Range. There is also a major difference across this 
N-S zone in the Northern Range of quartz and calcite geothermometry (Weber, Ferrill, & Roden-Tice, 2001), 
and changes defined by 10Be erosion data and geomorphology (Arkle, Owen, & Weber, 2017; Arkle, Owen, 
Weber, Caffee, & Hammer, 2017). Within a region, the thermochronology ages, metamorphic grade, and 
lithologic character are similar, yet discrete faults or other structures that dissect the mountains are largely 
unknown (Algar et al., 1998; Foland et al., 1992; Weber, Ferrill, & Roden-Tice, 2001). Thus, we chose to focus 
the thermal modeling within these structural regions as a whole, in order to characterize the general exhu-
mation trends across the study area. In the case of low model confidence or possible thermal complexities, 
models were attempted with single samples and groupings of samples within a region.

Only aliquots with reproducible (U-Th)/He ages or dispersed ages with possible size or eU age controls were 
used in the models. Possible effects of radiation damage were accounted for using the model calibrations of 
Flowers et al. (2009) and Guenthner et al. (2013), and by using single grain AHe and ZHe data in each mod-
el, while error resampling was used to restrict the influence of grains that did not conform to the rest of the 
input data. Thermal models included fission track ages only for samples with >10 measured track lengths, 
associated Dpar and confined track length distributions. The annealing models of Ketcham et al. (2007) 
and Tagami et al. (1998) were used for the AFT and ZFT systems, respectively. AFT data from this study are 
presented in Tables S3–S6. Single grain fission track is not available for the Northern Range (no ZFT tracks 
or single grain ages) or Paria Peninsula (no AFT and ZFT tracks; Cruz et al., 2007). We follow the reporting 
protocol of Flowers et al. (2015) by outlining the thermal history model inputs, parameters, and geologic 
constraints in Table S7.

In the Paria Peninsula and western Northern Range, a t-T constraint was set based on 40Ar/39Ar metamor-
phic ages of ∼30–25 Ma (Foland et al., 1992; Speed et al., 1997). There is currently no equivalent data on the 
metamorphic history of the eastern Northern Range, so to obtain data-driven results no constraints were in-
cluded for that region. We do not have other geologic information on the depths/temperatures experienced 
by the samples after metamorphism in the mid-Miocene, so a broad box was used in all models to allow the 
program to freely search for acceptable solutions within a wide space. For all models the end constraint was 
set to current surface temperatures (25 ± 5°C) for the present. To assess if user-defined constraints influ-
enced the shape of the cooling history, we explored t-T histories for Paria and the western Northern range 
without using any constraint boxes to avoid forcing paths into a narrow space.

4. Results and Data Analysis
4.1. Zircon (U-Th)/He Ages

Seven samples from the Northern Range yield 21 single grain ZHe ages (Tables 1 and S1). All four samples 
collected from the eastern Northern Range (T68, T97-BP-1, T97-HOM-1, and T97-HOM-4) display intrasam-
ple dispersion with an average 1σ > 47%. Two of these samples (T68 and T97-HOM-1) each yield one single 
grain age that exceeds the depositional age of the rock and are considered outliers. Excluding these two 
single-grain ages, the aliquots for all four dispersed samples show weak correlation between single-grain 
ages and grain size (Figure S1). However, correlation between aliquots and eU, similar to relationships de-
scribed by Guenthner et al. (2013), might explain the age dispersion (Figure S1). Zoning of parent elements 
within zircon grains is common and could account for the spread of ages, but it was not tested for (Flowers 
et al., 2009). Another possibility is that the zircons may retain pre-depositional 4He and/or may have spent 
a substantial amount of time within the PRZ before exhumation, resulting in radiation damage. Radiation 
damage is likely given that several published ZFT and AFT samples from the eastern Northern Range yield-
ed partially reset ages (Algar et al., 1998; Weber, Ferrill, & Roden-Tice, 2001). Since these dispersed aliquots 
have possible eU controls, and thus, may contain important information regarding the thermal history of 
rock (e.g., Zapata et al., 2019), we include them in the thermal models and report the range of single-grain 
ages for samples from the eastern Northern Range, which is 5.8 ± 1.3 to 43.8 ± 5.0 Ma. Three samples from 
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the western Northern Range yield single-grain ZHe ages that reproduce well (average 1σ is 10%) and mean 
ages range from 7.4 ± 1.1 to 8.0 ± 0.9 Ma (Table S1; Figures 3, 4, and S1).

4.2. Apatite Fission Track Ages

Nine of the 12 samples from the Northern Range yield AFT pooled ages that range from 4.0  ±  0.5 to 
17.5 ± 3.3 Ma. The new sample from eastern Paria gave a pooled age of 20.3 ± 0.9 Ma (Tables 1, S3–S5 and 
Figures 3 and 4). Single-grain age distributions for 10 samples display P (χ2) typically >44%, indicating one 
age population is present in these samples and the pooled AFT ages are reported (Galbraith, 1990). Three 
samples (T-97-TB-253, YB-2, and RCS91-6) failed the P (χ2) test (<5%), indicating a poly-modal distribution 
of single-grain ages. Given these samples are from metasedimentary rocks, the wide spread of single grain 
ages may be due to apatite grains with compositional differences. Differential annealing can occur in grains 
with different compositions, particularly with long-term residence within the PAZ, and can yield a wide-
spread in single grain ages (Donelick et al., 2005; Galbraith, 1990). The samples that failed the P (χ2) test 
have a wide range of kinetic annealing parameters (Dpar values); Dpar for T-97-TB-253 ranges from 1.19 
to 2.27 μm, Dpar for YB-2 ranges from 1.30 to 1.94 μm, and Dpar for RCS91-6 ranges from 1.33 to 2.41 μm 
(Tables S4 and S6). The average sample Dpar, excluding samples that failed the P (χ2) test, varies from ∼1.0 
to ∼2.5 μm, and shows no systematic variation or positive correlation between samples. Track lengths from 
the Northern Range average 13.69 ± 0.93 μm; in the east the average is 13.71 ± 0.84 μm and in the west the 
average is 13.68 ± 0.99 μm.

4.3. Apatite (U-Th)/He Ages

Six samples from the Northern Range yield 21 single grain AHe ages (Tables 1 and S2). Three samples dis-
play intrasample dispersion (1σ > 20% of the mean age; Figure S2). In sample T97-HOM-1 there is one outli-
er single grain AHe age (with respect to four reproducible single grain ages) that is considerably smaller (di-
mensional mass = 0.19) than the intrasample aliquots and is considered an outlier (Table S2 and Figure S2). 
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Figure 4. (a) North-south profiles across the Northern Range in Trinidad and (b) eastern Paria Peninsula in Venezuela. Upper panels show thermochronology 
single grain apatite and zircon (U-Th)/He (AHe and ZHe) ages (±1σ) and apatite and zircon fission track (AFT and ZFT) data (±1σ) (this study; Algar 
et al., 1998; Cruz et al., 2007; Weber, Ferrill, & Roden-Tice, 2001) with the best-fit linear regressions (color corresponds to each thermochronometer) to show 
the general data trends. Fission track samples that failed the chi-squared test or that are partially reset have a line on the symbol and unreset ZFT ages are not 
shown here. Lower panels show average annual precipitation rates (Hijmans et al., 2005) and topographic profiles (locations shown in Figure 2) of the eastern 
Paria Peninsula (B-B'; black) and the eastern (E-E'; black), central (D-D'; dashed), and western (C-C'; gray) Northern Range.
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Factors that can cause single grain AHe ages that are anomalously older include internal crystal zonation, 
helium implantation from neighboring minerals, undetected inclusions (such as zircon) with high U and 
Th content, and alpha damage to the crystal lattice, which can trap helium (Flowers,  2009; Guenthner 
et  al.,  2013; Reiners & Farley,  2001). Conversely, the accumulation of significant radiation damage can 
cause helium traps to interconnect and increase helium diffusivity, which results in younger ages (Ault 
et al., 2019; Flowers, 2009). Radiation damage is likely the case for three single grain ages from samples 
T68 and T165 that have relatively high eU (186–794 ppm). Age dispersion in apatite grains due to radiation 
damage can also be caused by long residence at temperatures below the PRZ and reheating within the PRZ, 
which we also suspect influenced our ZHe data (Ault et al., 2019; Flowers, 2009; Guenthner et al., 2013; 
Reiners & Farley, 2001). These three aliquots did not fit intrasample eU versus age trends and were excluded 
from the thermal models. After removing four outlier grains, the range of single grain AHe ages from the 
Northern Range is 1.3 ± 1.0 to 6.0 ± 0.4 Ma and mean of all AHe ages is 4.0 ± 1.9 Ma (Tables 1 and S1 and 
Figures 3 and 4).
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Figure 5. (a–c) Thermal histories derived from joint inverse QTQt modeling (Gallagher, 2012) showing an eastward migrating phase of rapid bedrock 
cooling (vertical gray bar) from the (Aa) eastern Paria Peninsula, (b) western Northern Range, and (c) eastern Northern Range. The expected (weighted mean) 
thermal history is shown as a solid line and the 95% confidence intervals for the cold (highest elevation) and warm (lowest elevation) samples are shown with 
dashed lines. The red box shows the prior time-temperature model space. Thermal history constraints for 40Ar/39Ar data (Speed et al., 1997) in Paria and the 
western Northern Range are shown as a black box. QTQt model input data and additional model results are detailed in Table S7 and Figure S3. (d) Map of 
thermochronology samples (details in Table 1), highlighting the three structural-metamorphic regions and samples modeled (dashed circles and black sample 
symbols). The western and eastern Northern Range are defined in part by the occurrence of unreset and partially zircon fission track ages (white symbols; Algar 
et al., 1998; Weber, Ferrill, & Roden-Tice, 2001) dominantly in the eastern Northern range.
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4.4. Spatial Pattern of Thermochronology Ages

Combined with published ages from the Northern Range and Paria Peninsula (Algar et  al.,  1998; Cruz 
et al., 2007; Weber, Ferrill, & Roden-Tice, 2001), the thermochronology ages generally young to the west 
(Figure 3). Along north-south transects, the youngest ages in the Paria Peninsula are located on the north 
(windward) side of the peninsula and adjacent to the North Coast fault zone offshore Trinidad (Figure 4; 
Cruz et al., 2007; Robertson & Burke, 1989). In the Northern Range, the youngest ages are located on the 
south (leeward) side of mountains and adjacent to the southern range-bounding Arima fault. The Northern 
Range is an exhumed fault block between the now inactive (normal?) Arima fault and active dextral-normal 
North Coast fault zones (Algar & Pindell, 1993; Weber, Ferrill, & Roden-Tice, 2001). Younger ages along 
the exhumed footwall block of the mountain flanks suggest that range-bounding faults may have helped 
facilitate rock uplift and exhumation. Old ages were found at high elevations in the eastern (ZHe: T68) and 
western (AFT: RCS916) Northern Range, which indicates elevation may be a possible control on cooling 
ages. However, most samples were collected between sea level and ∼100 m and age-elevation relationships 
are not explored in detail here.

5. Thermal Modeling and Exhumation History
The QTQt expected models for the three regions are presented in Figure 5 and the model data and sup-
porting results are in Figure S3 and Table S7. We convert average cooling rates from the expected models to 
calculate exhumation rates, assuming a constant paleo-geothermal gradient of 25°C/km and no isotherm 
advection due to exhumation or topography. The magnitude of exhumation is calculated from the exhu-
mation rates and the highest temperature reset thermochronometer, which corresponds to ∼20 Ma in each 
of the three regions. Because these assumptions may result in significant uncertainty (e.g., Mancktelow & 
Grasemann, 1997), we consider our exhumation calculations to be first-order estimates, that are used for 
comparison of the variation across the study area.

5.1. Paria Peninsula and Western Northern Range

The cooling histories of the Paria Peninsula and western Northern Range are similar to each other and 
show two substantial changes in cooling rate since the late Miocene (Figures 5 and S3). The QTQt models 
for these regions resulted in expected thermal histories that explain the data, which suggests that samples 
within these respective structural-metamorphic regions (Paria and western Northern Range) had a similar 
thermal history and that the joint inversion modeling approach is geologically reasonable.

The Paria and western Northern Range models exhibit poorly constrained t-T histories from ∼30 Ma to 
∼15–9 Ma (Figures 5 and S3). This is likely due to a lack of zircon track and single-grain data from the 
western Northern Range and a large spread of ZFT and AFT ages from Paria. The thermal models indicate 
no, or very slow (<1°C/m.y.), bedrock cooling in these regions from ∼30 Ma to ∼15–9 Ma. Although model 
constraints during this time are wide, slow mid-Miocene cooling is supported by 40Ar/39Ar and ZFT ages 
from those regions. A simple linear cooling path extrapolated from the closure temperatures and ages of 
these higher-temperature thermochrometers to the expected thermal history at ∼15–9 Ma, yields slow rates 
of cooling up to ∼3°C/m.y.

The thermal histories show the time-averaged onset of rapid cooling is ∼13 Ma (range is ∼15–11 Ma; Fig-
ure S3) in the Paria Peninsula and is ∼9 Ma (range is ∼10–8 Ma: Figure S3) in the western Northern Range, 
at rates >30°C/m.y. The phase of rapid cooling was followed by a deceleration of cooling to <7°C/m.y. at 
∼7 Ma in the Paria Peninsula and at ∼5 Ma in the western Northern Range (Figures 5 and S3).

The highest-temperature thermochronometer (40Ar/39Ar; Foland et al., 1992; Speed et al., 1997) indicates 
a total magnitude of rock exhumation to at least ∼9 km since metamorphism at ∼30–25 Ma in Paria and 
the western Northern Range. Notably, the majority of rock (∼7 km) exhumed from these western regions 
occurred after the cessation of oblique plate collision at ∼10 Ma. Exhumation rates during the early mid Mi-
ocene may have been negligible or up to ∼0.3–0.1 mm/yr and then increased at ∼13–9 Ma–∼1.5–1.0 mm/yr 
in the west (Figure 5). Exhumation rates in the west decreased in the Pliocene to <0.4 mm/yr.
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5.2. Eastern Northern Range

Initial modeling results from the eastern Northern Range failed to produce a credible expected model that 
incorporated all data from that region. This indicates the possibility of complex thermal histories from a 
lack of data, variations in localized tectonics, and/or that lateral spatial or structural position may control 
thermal histories in the eastern Northern Range (Gallagher, 2012). Considering the similarity of each ther-
mochronology age system and equivalent metamorphic grade of rock exposed at similar structural levels in 
this region, we speculate that the lack of data from the eastern region is a source of model complexity (e.g., 
only two AFT samples have sufficient grains for modeling). This is supported by single sample models that 
produce similar patterns of cooling yet fail to produce credible models.

Two thermal models from the eastern Northern Range produced credible expected models and are present-
ed in Figures 5 and S3 (Models C1, central and C2, north coast). The north coast thermal history predicts 
both AFT age and MTL within error, while both the north coast and central models yield well-predicted 
AHe ages and poorly predicted ZHe ages (Figure S3). Thermal histories from these eastern Northern Range 
sub-regions indicate negligible bedrock cooling, to cooling at a maximum of ∼2°C/m.y. after metamor-
phism (Figure  5c). Cooling rates then increased at ∼4  Ma (range of Models C1 and C2 is ∼7–3  Ma) to 
∼20–15°C/m.y. (Figure S3). Unreset ZFT ages constrain the total magnitude of exhumation of the eastern 
Northern Range to ∼6–4 km. Rapid exhumation initiated at approximately the beginning of the Pliocene at 
rates of ∼1.5–0.5 mm/yr (Figure 5). There may be differences in localized cooling and exhumation within 
this region not captured in these models. We speculate that these differences are likely minor and assume 
that these sub-regions are generally representative of the eastern Northern Range.

6. Discussion
Combined with other data from the region (Algar et  al.,  1998; Cruz et  al.,  2007; Weber, Ferrill, & Ro-
den-Tice,  2001) our thermal modeling indicates three phases of cooling and inferred exhumation from 
the Miocene to present in the eastern Paria Peninsula and Northern Range (Figure 5). Rapid cooling and 
inferred exhumation was followed by a deceleration of cooling, which appears to migrate with time east-
ward from the Paria Peninsula (∼7 Ma) to the western Northern Range (∼5 Ma). Nearly synchronous with 
the deceleration in the west, the onset of relatively fast cooling of the eastern Northern Range occurred 
(∼4 Ma). Exhumation histories are reviewed in terms of these three phases and then possible mechanisms 
for driving exhumation of this coastal metamorphic mountain belt are explored.

6.1. Phase 1: Miocene Oblique Plate Collision

The first phase of cooling started after peak metamorphism at ∼30–25  Ma (Foland et  al.,  1992; Speed 
et al., 1997) and lasted until ∼13–9 Ma in eastern Paria and the western Northern Range (Figure 5). This 
period is characterized by the arrival of the south-southeast migrating Caribbean plate and oblique arc-con-
tinent collision in the Oligocene to dominantly the mid-Miocene in the study region (Figure  6; Babb & 
Mann, 1999; Pindell et al., 1998; Russo & Speed, 1992). In the foreland, oblique convergence uplifted and 
deformed the Late Cretaceous to early Neogene passive-sequence into a southward-vergent fold and thrust 
belt in eastern Venezuela and Trinidad (Figure  1; Erlich et  al.,  1993; Escalona & Mann,  2011; Giorgis 
et al., 2017). Interestingly, cooling rates (<3°C/m.y.) and exhumation (<0.2 mm/yr) in the western study 
area are relatively slow during this inferred period of plate convergence. Slow cooling and exhumation 
may be due to the distal location from the deformation front and the position of Paria and Northern Range 
sediments on the continental slope somewhat protected from erosion offshore. Although cooling was slow 
during this period, ∼2–3 km of rock was exhumed in the western study area. The onset of exhumation co-
incides with the deposition of the Oligocene-Early Pliocene Cunapo Formation, which is a heterogeneous 
conglomerate deposited in the Northern Basin that fines and thins southward (Figure 2; Payne, 1991). Our 
new thermochronology data provide tighter constraints on both the timing and magnitude of syn-collision-
al exhumation and indicate relatively slow cooling and exhumation of Paria and the Northern Range.
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6.2. Phase 2: Late Miocene to Early Pliocene Plate Boundary Reconfiguration

The second phase of deformation is marked by an abrupt ∼six-fold increase in cooling and exhumation 
starting at ∼13–9 Ma in Paria and the western Northern Range and lasted until the latest Miocene to Plio-
cene (Figures 5a and 5b). The amount of exhumation was likely insufficient to expose rocks that were hotter 
than ∼120°C in the east at the onset of the event. This time is characterized by a presumed change from 
oblique plate convergence to transform motion ∼10 Ma, and extension and sediment accumulation in the 
Gulf of Paria (Babb & Mann, 1999; Escalona & Mann, 2011; Flinch et al., 1999; Pindell et al., 1998). A thick 
stratal succession of Cunapo conglomerate to the south of the Northern Range marks a mid-Miocene angu-
lar unconformity, which is interpreted to represent the onset of significant erosion of the Northern Range 
(Payne, 1991; Pindell et al., 1998).

Strike-slip motion during this time was accommodated on the El Pilar fault south of the Paria Peninsula 
and began to shift southward to the Central Range, Los Bajos, and Soldado (South Coast) fault zones in 
Trinidad (Figure 2) (Babb & Mann, 1999). To the south of the Paria Peninsula, half-grabens developed 
along steeply dipping normal faults and accommodated a large influx of late Miocene to Pliocene sedi-
ments in the Gulf of Paria pull-apart basin (Flinch et al., 1999). The rapid rates (∼1.5 mm/yr) and large 
magnitude (∼7 km) of rock exhumed in the Paria Peninsula and the western Northern Range are consist-
ent with extension and the large sediment influx into the peripheral basins. However, it is notable that 
during this phase characterized by strike-slip motion, exhumation rates and the total amount of exhu-
mation in the western study area were substantially greater than during the previous phase of presumed 
mid-Miocene convergence.

6.3. Phase 3: Pliocene to Recent Tectonic Inversion of the Coastal Mountains

The third phase of cooling is characterized by an inversion in the locus of rapid bedrock exhumation rates 
from the western to the eastern Northern Range in the Pliocene (Figures 3 and 5). Rapid exhumation in the 
western study area decelerated to <0.4 mm/yr at ∼7 Ma in the Paria Peninsula and perhaps slightly later, 
and ∼5 Ma, in the western Northern Range. As bedrock exhumation in the western study area was decreas-
ing, cooling and exhumation in the eastern Northern Range increased to ∼1.0 mm/yr (Figure 5). Regionally, 
the magnitude of exhumation of the coastal metamorphic mountains is limited to only ∼1–2 km since the 
Pliocene. This low magnitude of exhumation predicts waning sedimentation rates into the Gulf of Paria and 
in the Northern Basin (Babb & Mann, 1999; Flinch et al., 1999; Payne, 1991). Extension and subsidence of 
the Gulf of Paria pull-apart basin occurred in the middle Pliocene to Pleistocene as the Central Range fault 
became the principal strike-slip fault in Trinidad (e.g., Flinch et al., 1999; Babb & Mann, 1999). In response 
to subsidence in the Gulf of Paria, the east-side-up tilting observed in the western Northern Range is gen-
erally constrained to the Pliocene and Quaternary (Figure 3; Arkle, Owen, Weber, Caffee, & Hammer, 2017; 
Ritter & Weber, 2007; Weber, 2005). The synchronous change in exhumation rates defined by the AHe ages 
more narrowly constrains the inversion to east-side-up tilting of the Northern Range to have occurred at 
∼4 Ma.
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Figure 6. Tectonic evolution of the southeast Caribbean (modified after Algar & Pindell, 1993; Bezada et al., 2010; Miller et al., 2009). Inset graph shows the 
vertical velocity of crustal and topographic changes (orange line) relative to subduction-transform edge propagator (STEP) fault propagation (from Govers & 
Wortel, 2005). The geography and Paria cluster of seismicity (gray star) along the STEP fault zone (Russo & Speed, 1992) and location of the STEP (Nijholt 
& Govers, 2015; gray circle with “S”) are inferred based on modern plate rates (Weber, Dixon, et al., 2001; Weber et al., 2011). (a–b) Deposition of the Paria 
and Northern Range rocks on a Jurassic-Cretaceous north-facing passive margin (Algar & Pindell, 1993; Pindell et al., 1998). (c–d) Flexural forebulge passes 
continental South America and south-southeast migration of the Caribbean plate causes asymmetric exhumation and uplift of the passive margin sediments 
forming the coastal metamorphic hinterland. (e–f) Caribbean-South American plate boundary steps inboard and changes to east-directed transform motion. 
The arrival of the STEP edge within the vicinity of Paria and Northern Range. Rapid exhumation of Paria and the western Northern Range initiates either by 
STEP flexure and/or transtension. (g–h) The Central Range fault becomes the principal strike-slip fault in Trinidad and enhances extension and subsidence of 
the Gulf of Paria pull-apart (Babb & Mann, 1999). As the STEP edge passes, upward crustal flexure propagates eastward under the eastern Northern Range and 
in the wake of the STEP, subsidence may also be enhanced and/or caused by downward flexure associated with lithospheric tearing along the STEP fault (EPFZ) 
in the Gulf of Paria region. EPFZ–El Pilar fault zone; AFZ–Arima fault zone; CRFZ–Central Range fault zone; DRFZ–Darien Ridge fault zone; CB–Columbus 
Basin; NCFZ–North Coast fault zone; HLFZ–Hinge Line fault zone; LBFZ–Los Bajos fault zone; SCFZ–South Coast fault zone; CR–Central Range.
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6.4. Implications for the Tectonic Evolution of the Southeast Caribbean

Our new thermochronology data support that oblique Caribbean-South American collision may have oc-
curred generally during the Miocene in Trinidad and eastern Venezuela (Figures 5 and 6). However, we 
observed a pattern of westward decreasing thermochronology ages from the region and exhumation that 
post-dates the presumed oblique collision (Figures 3 and 5). These new observations are in opposition to 
those qualitatively predicted by an eastward migrating and colliding Caribbean plate. In addition, our data 
reveal inconsistencies between our observed substantial increase in exhumation, which occurred nearly 
synchronously with the presumed change to transform plate motion ∼10  Ma, and the observation that 
these rapid rates of exhumation were then sustained for ∼5–7 m.y. until the Pliocene (Figure 5). We review 
potential mechanisms that could have driven post-collision exhumation, which include isostatic rebound of 
a thickened crustal root, erosional unloading, exhumation along tectonic restraining and releasing bends, 
and/or lithospheric detachment process associated with STEP fault deformation.

Algar et al. (1998) hypothesized that isostatic rebound of the Northern Range might have resulted in con-
tinued exhumation during gravitational collapse of a shortened and thickened crust that developed during 
Miocene oblique convergence. Cruz et  al.  (2007) infer that erosion enhanced an isostatic response of a 
buoyant crustal root, which they suggest to be thickest closest to the Caribbean indenter. Numerical models 
show that surface erosion can cause exhumation of crustal roots for hundreds of millions of years after ac-
tive tectonism has ceased and at rates greater than during collision (Fischer, 2002). With the progressive loss 
of surface mass and buoyancy of the crustal root, however, the magnitude and rates of exhumation should 
both be significantly reduced over time (Fischer, 2002; Koyi et al.,  1999). An overthickened crust could 
lead to the buoyant rise of the metamorphic coastal mountain belt, yet an isostatic response of a buoyant 
crustal root would require these mountains to overcome the flexural rigidity of the lithosphere (Turcotte 
& Schubert, 2014). Flexural rigidity along the thinned northern margin of continental South America is 
lower than that of the continental interior to the south (Miller et al., 2009; Pindell et al., 1998). However, the 
∼15-km-wide mountain range is likely far too narrow to have achieved isostatic equilibrium (e.g., Turcotte 
& Schubert, 2014). If isostatic equilibrium was achieved, it is questionable whether gravitational collapse 
and exhumation related to isostasy would occur at greater rates than those during crustal shortening and 
thickening such as the six-fold mid-Miocene increase we document here.

An additional driver, such as focused erosion, delamination or detachment of lithosphere, or plate flexure 
could enhance uplift and exhumation of an over-thickened crust (e.g., Molnar et al., 1993). Erosional un-
loading above a thickened root seems unlikely given that the westward decreases in modern precipitation 
rates are in opposition to this effect, and given the low rates of surface erosion measured in these mountains 
(Arkle, Owen, Weber, Caffee, & Hammer, 2017). Slab break-off processes, associated with the South Amer-
ican passive margin that was subducted during oblique convergence (e.g., Speed, 1985), could cause a rapid 
buoyant rise of the coastal mountains. However, a descending lithospheric slab, which would counteract 
the positive buoyancy of a crustal root, would have had to detach nearly coincident with the cessation of 
oblique collision to have generated the abrupt observed increase of exhumation at ∼13–9 Ma. Moreover, 
new high-resolution seismic tomography indicates that continental South American lithosphere is still cur-
rently attached to the subducting oceanic South American lithosphere east of the Paria cluster of seismicity, 
that is, in our study area (Figure 2; Bezada et al., 2010; VanDecar et al., 2003; Miller et al., 2009; Levander 
et al., 2014). Thus, we find it problematic to attribute our observed mid-Miocene increase in exhumation 
exclusively to the buoyant rise of a crustal root. Without a detached slab under the study area, it seems 
unlikely that the buoyant rise of a thickened crustal root could overcome the viscous drag or slab pull of a 
subducting slab. Given the above considerations, the thermochronology data we present here do not sup-
port, but also do not quantitatively exclude an isostatic response of a buoyant crustal root as the principal 
mechanism driving exhumation.

We consider the possibility that the rapid exhumation revealed here may be caused or enhanced by a prop-
agating STEP that has advanced eastward under the coastal mountain ranges we studied (Figure 6). Geody-
namic modeling indicates that motions focused at the edge of a STEP fault can cause kilometer-scale down-
ward flexure of the lithosphere and topographic subsidence along the transform plate boundary (Figure 6 
inset graphs; Govers & Wortel, 2005). In front of the STEP, lateral lithospheric resistance to tear propaga-
tion can cause upward flexural bulging of the lithosphere and surface uplift before tearing, over horizontal 
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distances of a couple of hundreds of kilometers (Clark, Sobiesiak, et al., 2008; Govers & Wortel, 2005). This 
could produce exhumation and uplift around the STEP that is then followed by subsidence as the STEP 
moves through the landscape (Figure 6; Govers & Wortel, 2005; Wortel et al., 2009).

The presence of a STEP fault in the location needed to explain our observations, that is, currently under 
Trinidad and Venezuela's coastal metamorphic mountains, is consistent with geophysical observations. 
Broadband seismic data (Clark, Zelt, et al., 2008; Levander et al., 2014) and surface wave tomography (Mill-
er et al., 2009) show that the continental lithosphere south and west of the Paria cluster and the El Pilar fault 
is thin and dips northward toward the plate boundary (Miller et al., 2009). Downward flexure of the litho-
sphere is also consistent with the observed extremely negative Bouguer and free air gravity anomalies in the 
region (Russo and Speed, 1992, Russo et al., 1993). These data indicate that the surface topography of the 
Paria coastal range is ∼3 km lower than expected from Airy gravity compensation (Russo & Speed, 1992). 
The site of the proposed active STEP fault zone (El Pliar fault zone) coincides with the lowest-present-day 
elevations of the coastal mountains, and is focused near the Gulf of Paria; topography systematically in-
creases both to the west and to the east of the Gulf of Paria (Figures 1 and 2). Crustal flexure between the 
STEP fault zone and the STEP (located northeast of Trinidad) may enhance or cause the observed transition 
from active uplift of the eastern Northern Range to active subsidence of the western Northern Range and 
eastern Paria (Figures 6h and 3; Arkle, Owen, Weber, Caffee, & Hammer, 2017). This region of topographic 
subsidence around the Gulf of Paria currently spans ∼100 km in diameter, but also coincides with shallow 
normal faulting related to the right-step of the active plate boundary.

Our data indicate an ∼six-fold increase in cooling and exhumation ∼13–9 Ma, which occurred after oblique 
collision. During this time the eastern Paria Peninsula and western Northern Range would have been in 
front of the STEP at the onset of this phase of rapid exhumation (Figure 6e). Assuming current plate motion 
rates (∼20 mm/yr), we infer that flexural bulging associated with the STEP could have reached this area 
∼100–200 km in front of the STEP (Figure 6f). This could have resulted in or enhanced gravitational col-
lapse of a thickened buoyant crust post-collision. Long-term crustal extension is apparent from kinematic 
fault data from southern Tobago, which indicates N-S stretching on E-W striking normal faults from the Pli-
ocene to Pleistocene (Ringerwole et al., 2011). In addition, our thermal models show that the onset of rapid 
exhumation initiated first in Paria at ∼13 Ma and then in the western Northern Range at ∼9 Ma. Given the 
overlap of the timing obtained, more data could perhaps help constrain this apparent migration. During the 
mid-Miocene, the eastern Northern Range would have been located ∼200–300 km in front of the STEP, and 
apparently on the leading front of deformation associated with flexural bulging, resulting in relatively little 
exhumation that we document there.

The arrival of the STEP edge to within <100 km of the eastern Paria Peninsula and western Northern Range 
would have occurred roughly in the late Pliocene. We infer that the lithosphere under Paria and the western 
Northern Range by this time could have been flexed downward, while a flexural bulge had propagated to 
the eastern Northern Range. This timing coincides with the deceleration of exhumation, first in the Paria 
Peninsula at ∼7 Ma and then in western Northern Range at ∼5 Ma. Synchronously, at ∼4 Ma, exhumation 
accelerated in the eastern Northern Range. Recent earthquake activity along the sub-Tobago terrane bound-
ary and coeval northward sliding on a low angle (28°) north-dipping normal fault between Trinidad and 
Tobago indicates reactivation and inversion of the CA-SA suture zone (Weber et al., 2015). The development 
of normal faults and extension of the upper crust as a result of flexural bulging is consistent with shallow 
stress-fields modeled for STEP faulting (Govers & Wortel, 2005) and is observed in other known tear fault 
localities (e.g., Gallais et al., 2013; Polonia et al., 2016). The overall slow rates and shallow magnitudes of 
exhumation post-Pliocene we observe are consistent with low rates of surface erosion measured over mil-
lennial-timescales (Arkle, Owen, Weber, Caffee, & Hammer, 2017), and enhanced subsidence in the Gulf of 
Paria pull-apart basin (Babb & Mann, 1999; Flinch et al., 1999).

Whether or not lithospheric flexure related to deep STEP faulting has and is influencing exhumation and 
uplift along the plate boundary, our thermochronology data require a significant amount of total exhuma-
tion (>7 km) since oblique collision in the mid-Miocene. This magnitude of vertical crustal motion across 
the mountains is within range of numerical modeled STEP fault amplitudes (Govers & Wortel, 2005). We 
suggest that this exhumation was driven by slip along the North Coast Fault zone and additional structures 
north of the mountains (e.g., Algar & Pindell, 1993; Babb & Mann, 1999; Flinch et al., 1999). If exhumation 
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in the study region is related to STEP kinematics, our data indicate that STEP faults and associated process-
es are capable of exhuming rock on the order of several kilometers, or perhaps even more depending on 
local boundary conditions. The migration of deformation and exhumation over discrete time periods and 
spatial scales presents new insights for geodynamic models and our study provides some of the first empir-
ical datasets that may document the long-term (106 years) deformation patterns associated with STEP plate 
corners. If the STEP model proves to be correct, the established oblique collision to transform plate motion 
model for the Caribbean-South American boundary would have to be reconsidered in light of plate flexure 
migrating eastward as a contractile wave followed by transform deformation.

7. Conclusions
Thermochronometry data (AHe, AFT, and ZHe) and thermal history modeling from the eastern Paria Pen-
insula and Northern Range constrain three tectonic phases. The first phase is related to oblique Caribbe-
an-South American plate convergence and is characterized by relatively slow cooling and inferred exhuma-
tion rates of <0.2 mm/yr that started after peak metamorphism at ∼30–25 Ma and lasted until ∼13–9 Ma. 
The subsequent change from oblique plate convergence to transform motion was characterized by exten-
sion and sediment accumulation in the Gulf of Paria. Near the onset of change in plate boundary configura-
tion, there was an increase in exhumation rates up to ∼1.5 mm/yr starting at ∼13 Ma in the Paria Peninsula 
and at ∼9 Ma western Northern Range. These high rates of exhumation lasted roughly until the late Mio-
cene-early Pliocene. The last tectonic phase is defined by an inversion in the exhumation pattern, which oc-
curred throughout the Pliocene. While exhumation rates decelerated to <0.4 mm/yr starting at ∼7 Ma in the 
Paria Peninsula and at ∼5 Ma in the western Northern Range, exhumation of the eastern Northern Range 
increased to ∼1.0 mm/yr at ∼4 Ma. We interpret that this temporal and spatial pattern of rock exhumation 
along the Caribbean-South American plate boundary is consistent with the time-transgressive deformation 
produced by an eastward propagating lithospheric STEP fault and associated processes of dynamic mantel 
flow and crustal extension. Geodynamic STEP processes may have driven crustal extension and collapse of 
the buoyant, overthickened crust and/or enhanced these relatively shallow crustal processes in this region.

Data Availability Statement
The thermochronology data sets presented here are provided in the Supporting Information and are pub-
lished in the Geochron Library: AHe data: https://www.geochron.org/viewfile.php?pkey=16601; ZHe 
data: https://www.geochron.org/viewfile.php?pkey=16602; AFT data: https://www.geochron.org/viewfile.
php?pkey=16603.
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