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Abstract

The Northern Range of Trinidad is a mountainous exposure of deformed metasedimentary rocks with Mesozoic depositional ages and
Tertiary metamorphic ages located in the Caribbean–South American plate boundary zone. These rocks lack precise mineralogical
indicators of metamorphic grade. Using temperature-sensitive quartz and calcite microstructures, and fission track data, we identify,
describe, quantify, and map a nearly continuous spectrum of relatively low (.l508C) to relatively high (250–4008C) deformation tempera-
tures from east to west across the range. Average estimated rock exhumation rates also increase systematically along this trend. The analysis
illuminates a sharp, east–west-trending, major thermal discontinuity (i.e. a fault) along the southern boundary of the range. Kinematic
analysis of faults and shear bands adjacent to this boundary and modeling indicate that the fault probably dips southward at 80–858 and
accommodated normal dip-slip at rates that decreased from west to east. Earlier experimental studies at high strain rates illustrated a strong
strain rate dependency for quartz microstructural transitions. Our work indicates a possible strong temperature control for quartz micro-
structural transitions at natural strain rates.q 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

The Northern Range of Trinidad is an east–west-trending
mountainous exposure of subgreenschist to lower green-
schist grade metasedimentary rocks (e.g. Frey et al., 1988)
located in the Caribbean–South American plate boundary
zone (Fig. 1a, b). Global positioning system data show that
the Carribean plate currently moves, 20 mm/year
N868E^ 28 near Trinidad (Weber et al., 2000). Rocks in
the Northern Range are predominantly slates, schists, meta-
quartzites, and metacarbonates. The protoliths from which
these rocks were derived are interpreted to have been
deposited on a north facing passive margin along northern
South America that developed in response to Pangaea
breakup, rifting, and drifting (e.g. Pindell, 1985; Speed,
1985). Relict fossils from scattered localities indicate
Tithonian to Maastrichtian (2150 to 67 Ma; e.g. Saunders,
1972) protolith depositional ages.40Ar/39Ar spectra from
metamorphic white micas indicate subsequent mid-Tertiary
metamorphism (Foland et al., 1992a; Foland and Speed,
1992b), which was likely synkinematic with transpression
and oblique Caribbean–South American plate convergence

(Speed, 1985, 1986; Robertson and Burke, 1989; Russo and
Speed, 1992; Algar and Pindell, 1993). These deformed
metasedimentary rocks were then exhumed and uplifted
during the Neogene forming today’s rugged mountains.

The only comprehensive published study of Northern
Range metamorphism is that of Frey et al. (1988), which
applied mineral paragenesis techniques and demonstrated
peak paleotemperatures of 300–4008C, but could resolve
no internal variations in grade. Frey et al. (1988) however
speculated on a possible east-to-west increase in grade
based on changes in rock “field character” (also see refer-
ence therein to Craig, 1907). They reasoned that because
relict sedimentary fabrics are common in the eastern
Northern Range, but not in the central and western parts
of the range, grade probably increases toward the west,
perhaps abruptly across an inferred Grand Riviere fault
(Kugler, 1961; Barr, 1963; Fig. 1b).

Frey et al.’s (1988) inability to resolve grade variations in
the sub-greenschist to greenschist grade metasedimentary
rocks of the Northern Range illustrates a common and
more general problem, the inability to characterize the struc-
tural architecture in similar parts of many other orogenic
belts. This problem is mainly due to an intrinsic lack of
precision from the available metasedimentary geotherm-
orneters (and geobarometers), and limited distributions of

Journal of Structural Geology 23 (2001) 93–112

0191-8141/01/$ - see front matterq 2001 Elsevier Science Ltd. All rights reserved.
PII: S0191-8141(00)00066-3

www.elsevier.nl/locate/jstrugeo

* Corresponding author.
E-mail address:weber@gvsu.edu (J.C. Weber).



age- and lithology-dependent low-grade metamorphic
indicators. Precise low-grade mineral paragenesis data are
available mainly from metavolcanic, especially meta-
basaltic, rocks (Liou et al., 1987; Schmidt and Robinson,

1997). Other low-grade metasedimentary geothermometers
include those derived from conodont color alteration
(Harris, 1979), vitrinite reflectance (Teichmuller, 1987),
and illite crystallinity (Kish, 1987; Frey, 1987). In the
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Fig. 1. (a) Map showing the location of the Caribbean, South American, and North American plates, and the island of Trinidad. Atlantic seafloor of the North
and South American plates subducts beneath the Caribbean plate east of the Lesser Antilles arc. The plate boundary zones between the Caribbean plate and the
North and South American plates contain many individual faults not shown. (b) Geologic and location map of Trinidad. Geology simplified from Kugler
(1961). With the exception of the Sans Souci basalt, rocks in the Northern Range are metasedimentary with Mesozoic protolith ages and Cenozoic
metamorphic ages. Sediments and sedimentary rocks of Quaternary (Qal), Cenozoic (Cz), and Mesozoic (Mz) ages cover the rest of the island. Fault traces
and macrofold axes shown as heavy dark lines. Names are given for some of the major faults; sense of slip not shown where it is not well documented. The
fault at the southern boundary of the Northern Range, discussed in the text, is shown schematically and is referred to as the Arima fault after Kugler (1961);
tick marks on down-thrown side. The Central Range Fault is currently the active, but aseismic and possibly locked, strike-slip fault in this segment of the plate
boundary zone and slips at 14̂2 mm/year (Weber et al., 1999, 2000).



Frey et al. (1988) Northern Range study, relative grade
differences were not resolved using illite crystallinity
because of interference of illite X-ray diffraction peaks
with those from other sheet silicates. Because the Northern
Range protoliths were Mesozoic in age, no conodonts are
present in these rocks. Furthermore, the lack of widespread
vitrinite and metavolcanic material makes reflectance and
mineral paragenesis techniques largely inapplicable.

In this paper, we present a study of temperature-sensitive
quartz and calcite microstructures in metaquartzite and
metacarbonate rocks from across the Northern Range. We
also incorporate independent new and published (Algar,
1993; Algar et al., 1998) apatite and zircon fission track
data and metamorphic mineralogical constraints (Frey et
al., 1988) into our analysis. We use these data to:
(1) estimate lateral variations in deformation temperatures
(thermal grade) and rock exhumation rates across the
Northern Range, (2) substantiate and better calibrate the
temperatures at which key transitions take place between
microstructural assemblages in naturally deformed calcite,
and (3) calibrate the temperatures at which key transitions
take place in microstructural assemblages in naturally
deformed quartz.

We identify, describe, and map a possibly continuous,
east-to-west spectrum of relatively low (.l508C) to high
(300–4008C) deformation temperatures across the Northern
Range, confirming Frey et al.’s (1988) speculation of a
westward increase in grade. Our results do not allow us to
resolve whether the increase in thermal grade is abrupt
across the inferred Grand Riviere fault (Fig. 1b) and permit
the interpretation that throw across this fault may be either
insignificant or nonexistent. The most significant break in
thermal grade occurs along the southern boundary of the
range (Fig. 1b). We discuss published interpretations,
present new fault kinematic data, and develop and discuss
kinematic models regarding the southern boundary fault.
Our results substantiate the relatively new (Ferrill, 1991;
Burkhard, 1993) calcite microstructural geothermometry

technique, provide initial empirical calibration of quartz
microstructural geothermometers, and place important
new constraints on interpretations of the tectonics of the
Caribbean–South American plate boundary zone.

2. Geothermometry methods

2.1. Calcite microstructure geothermometry

One of the principal mechanisms by which calcite takes
up crystal plastic strain at low temperatures is mechanical
twinning (Ferrill and Groshong, 1993). Combining obser-
vations from experiments and naturally deformed rocks
with independent temperature constraints has demonstrated
that calcite twin morphology is strongly dependent on
temperature of deformation (Groshong et al., 1984; Ferrill,
1991; Burkhard, 1993; Ferrill, 1998). Natural deformation
of coarse calcite at temperatures below 150–2008C tends to
produce thin, Type I twins that have no petrographically
observable width of twinned calcite (Ferrill, 1991). Such
twins are generally,1 mm wide. Natural deformation at
increased temperatures produces straight thick Type III
twins at 150–3008C, curved thick twins and irrational
(Turner and Orozco, 1976) twins (Type HI microstructures)
at .2008C, and thick patchy twins and recrystallized twins
(Type IV microstructures) at.2508C (Ferrill, 1991;
Burkhard, 1993). Dynamic recrystallization of coarse
calcite begins at temperatures above 2508C. Complete
dynamic recrystallization, designated as the Type V calcite
microstructure in this study, may occur in naturally
deformed rocks at.3008C (Evans and Dunne, 1991).

In the present study, a broad distribution of coarse-
grained carbonate rock specimens was studied in thin-
section to interpret maximum deformation temperatures
from microstructural assemblages. First appearances of
diagnostic microstructures, as discussed by Burkhard (1993),
were used to assign and map deformation temperatures.

2.2. Quartz microstructure geothermometry

Hirth and Tullis (1992) described microstructural assem-
blages developed experimentally in quartz-rich aggregates
deformed over a range of temperatures and strain rates. This
study demonstrated that quartz crystal plastic deformation
(dislocation creep) and recovery mechanisms, and thus
quartz microstructures, are strongly temperature dependent
(Fig. 2), similar to those for calcite discussed above.

Based on standard petrographic and TEM analyses, Hirth
and Tullis (1992) interpreted that three distinct deformation
mechanism (dislocation creep) regimes operated to generate
the suites of experimentally produced microstructures they
observed. Regime-to-regime transitions in the experi-
mentally deformed specimens involved both temperature
and strain rate dependencies (Fig. 2). The characteristic
microstructural assemblages for each of the three regimes,
petrographic criterion for identifying them, and the regime
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Fig. 2. Quartz microstructural regimes (1–3), defined with respect to
experimental temperature (,500–13008C) and strain rate (1027–1024s21)
stability fields after Hirth and Tullis (1992, fig. 2a, “As is”) and natural
conditions (this study). Open circles represent Regime 1, filled circles
represent Regime 2, open squares represent Regime 3, and filled squares
represent gradations between Regimes 2 and 3. Only temperature is
constrained in the present study; the natural strain rates shown are assumed
(see text for further discussion).



transitions are summarized from Hirth and Tullis (1992)
below. Photomicrographs showing representative micro-
structures are presented below.

Regime 1: Deformation at relatively low temperatures or
high strain rates produces irregular patchy extinction within
originally undeformed detrital quartz grains. Along original
grain boundaries some new, very fine (,1 mm), equant,
recrystallized quartz grains may form. At low strain, these
recrystallized grains are too small to be seen using a stan-
dard petrographic microscope, but at higher strain they may
become visible.

Regime 2: At relatively moderate temperatures and
moderate strain rates, relicts of original undeformed detrital
quartz grains (i.e. quartz augen) can still be recognized.
However, these relicts are commonly strained into abundant
subgrains, which are generally about 1–10mm in size. The
subgrains in turn are generally replaced by relatively small,
yet petrographically visible (.l mm), dynamically recrys-
tallized grains, which are especially common along subgrain
boundaries. Other petrographic features characteristic of
Regime 2 include original grain relicts that are extremely
flattened and form long quartz ribbons, and core and mantle
textures.

Regime 3: At higher relative temperatures or lower
relative strain rates, recovery-dominated quartz micro-
structures predominate. Quartz deformed under Regime 3
conditions is thus typically completely or almost completely
dynamically recrystallized. Original detrital grain bound-
aries are generally no longer recognizable and rare if any
relicts of original detrital quartz grains remain. Quartz
ribbons are rare in Regime 3 because recrystallization
recovery is so effective, and new recrystallized grains are
generally quite large (.5–10mm), commonly larger than
the subgrains they replaced.

In the present study, we examined thin-sections from a
broadly distributed suite of metaquartzite specimens. Quartz
precipitated in pressure fibers is likely weaker than that of
detrital quartz grains (see discussion in Microstructures and
Deformation Mechanisms section). To avoid introducing
bias into our analysis we describe, map, and compare quartz
microstructures developed only from detrital quartz grains
and in relicts (augen), not those in pressure fiber tails. We
map the Regime 1–Regime 2 transition as the first appear-
ance petrographically of subgrains and use the predomi-
nance of large (. 5–10 mm) recrystallized grains over
subgrains to define the Regime 2–Regime 3 threshold. We
make and present qualitative determinations on transitional
specimens (e.g. Regime 1–2; Regime 2–1) based on the
relative abundances of diagnostic microstructures.

2.3. Fission track analysis

Fission tracks are linear damage zones caused by the
spontaneous fission of uranium atoms in U-bearing minerals
such as zircon and apatite. A fission track age can be
measured because238U decay occurs at a constant rate and

the number of fission tracks per unit area, in conjunction
with uranium concentration, gives a measure of the time
since track accumulation began (Wagner and Van den
Haute, 1992). The fission track age also depends on both
the time interval of track retention and the amount of
annealing that has occurred during that time (Green, 1988).

Progressive heating of the host mineral, apatite or zircon,
for times of long duration (,106 years) can cause fission
tracks to anneal. If the temperature and duration of heating
are of sufficient magnitude, all existing fission tracks in the
mineral will be annealed and the fission track age will be
completely reset. Below a certain critical temperature,
referred to as the closure temperature (Dodson, 1973,
1979), fission tracks begin to accumulate. For apatite, the
closure temperature for track retention is estimated to
be 100̂ 208C at geologic cooling rates of 1–108C/my
(Wagner, 1968; Naeser and Faul, 1969; Naeser, 1981;
Gleadow and Duddy, 1981; Wagner and Van den Haute,
1992). Zircon has a higher estimated closure temperature
for fission track retention, which is also dependent on
cooling rate. Early zircon closure temperature estimates
ranged from 175̂ 258C (Harrison and McDougall, 1980)
to 235–2458C for cooling rates of 10–308C/my modeled by
Brandon and Vance (1992) from annealing data of Zaun and
Wagner (1985) and Tagami et al. (1990) and the closure
temperature equations of Dodson (1979). Recent borehole
data from the Vienna basin (Tagami et al., 1995), laboratory
annealing data (Yamada et al., 1995), and natural annealing
data from the contact metamorphic aureole around a granitic
pluton (Tagami and Shimada, 1996), suggest a significantly
higher temperature range for the zircon partial annealing
zone,,230 to 3308C, for times of,106 years.

In this study, we present new fission track results from the
analyses of five zircon specimens and one apatite specimen.
Appendix A outlines the details of the laboratory analysis
procedures. We combine these new data with the published
zircon fission track results of Algar et al. (1998) in our
analysis.

3. Structural geology

3.1. Western and central Northern Range (main body)

Rocks in the main body of the western and central
Northern Range experienced three principal phases of
deformation. The structures that formed during each defor-
mation phase can be readily distinguished in outcrop and are
summarized in Table 1a. Along the southern range front,
mesostructures predating the late range front faults and
shear bands (i.e. the D3 structures discussed below) are,
however, geometrically similar to those in the eastern
Northern Range (see Table 1b eastern Northern Range
section below). These pre-D3 range front structures are
described no further.

The earliest recognizable compositional layering in these
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rocks locally parallels an early mica foliation, which
probably represents original bedding in the sedimentary
protoliths based on the absence of correlative mesofolds
or microfolds, the general low metamorphic grade of these
rocks, and the large variation in thickness of the individual
early compositional layers (e.g. Passchier and Trouw, 1996,
p. 59). We interpret this foliation as having resulted from the
static mimetic recrystallization of clay minerals during
sedimentary burial, rather than from tectonic shortening,
and designate it S0.

During the first and most ductile phase of deformation,
D1, S0 was transposed into the S1 tectonic foliation [see
Turner and Weiss (1963, pp. 92–95) and Hobbs et al.
(1976, pp. 252–264) for a general outline of the process
of transposition]. S0 is tightly to isoclinally folded at micro-
scopic and mesoscopic scales. F1 mesofolds generally have
highly attenuated limbs, and commonly occur as isolated
mesofold noses. S1 is penetrative, schistose, and approxi-
mately axial–planar to F1 mesofolds. Well-defined L1 stretch-
ing lineations are generally present in metaquartzites, but not
in metacarbonates. S1 dips consistently and gently (,20–
308) southward, and forms a homocline in which resistant
metasandstone layers protrude as hogbacks (Fig. 3). Corre-
lative F1 macrofolds have not been rigorously identified and
mapped. Nonetheless, Potter (1973), Algar (1993), and
Algar and Pindell (1993) present preliminary and highly
over-simplified interpretations of the major folds in the
range.

Late folds that deform S1 are common, and may represent
one or more deformation phases, which we collectively
refer to as D2. In the main body of the range and along
the north coast, F2 folds are systematically asymmetric,
consistently indicating top–south vergence.

The youngest structures observed are normal displace-
ment shear bands and normal faults related to a third defor-
mation phase (D3). These extensional shear bands and faults
strike approximately north–south and dip toward the east
and west in the main part of the range. Along the southern
boundary of the range, early structures have been strongly
overprinted by pervasive D3 brittle faulting (Fig. 4a). Late
shear bands with consistent,80–858 southward dips and
top–south normal offsets are also common along the range
front (Figs. 4b and 5). The range-front faults have more
diverse geometries and slip orientations (Fig. 4a) than the
shear bands (Fig. 4b), and anastamose through complex
cataclastic zones. The most through-going and systematic
of these faults strike east–west, and dip steeply toward the
north and south; many have dip-slip striae; some have
down-dip slip indicators (Fig. 4a). The kilometer-scale
cataclastic zones in which these faults occur are very
distinctive, found only along the range front, and roughly
coincide with Kugler’s (1961) Arima fault trace (Fig. 1b;
also see Kinematic range front fault models section).
Together the range-front shear bands and systematic faults
accommodated subhorizontal north–south principal exten-
sion.
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Table 1
Summary of deformation phases and structuresa

(a) Western and Central Northern Range (main body)

S0 Probable sedimentary bedding
Locally parallels early mimetic (?) mica foliation

D1 F1 Tight to isoclinal
Long accordion-like trains
Sub-meter wavelengths
Limbs highly attenuated
Isolated hinges common

S1 Penetrative
Schistose
Approximately axial planar to F1 mesofolds
Transposes S0
Dips consistently,20–308 S
South-dipping homocline

L1 Generally trends E–W
Subhorizontal plunges
Metaquartzite stretching lineations: long axes of
stretched detrital quartz grains and fibrous quartz
overgrowths
Metacarbonates: generally only S0–S1 intersection
lineations

D2 F2 Main body of range and north coast: recumbent
mesofolds with consistent asymmetry and top–south
vergence; hinges commonly parallel L1

S2 Spaced pressure solution foliation locally well-
developed
Approximately axial planar to F2 mesofolds

D3 Main body of range and north coast: normal
displacement shear bands and normal faults; strike
roughly N–S; dip steeply toward the E and W;
subhorizontal E–W principal extension
Range front: normal faults and shear bands

(b) Eastern Northern Range E–W striking

S0 Cross-bedding and graded bedding well-preserved
Sedimentary layering easily recognizable in most
outcrops

D1 F1 Generally symmetric, upright mesofolds
NW–SE striking subvertical axial surfaces
Subhorizontal hinges

S1 Spaced, slaty cleavage
Dominant tectonic foliation in this part of the range
Generally axial planar to F1

f1 Uplimb thrusts on F1 mesofolds
Normal faults accommodated F1 hinge-parallel
stretching

D2 F2 Generally symmetric, recumbent mesofolds of S1

Mesofold trains in fault-bounded panels
Detached from adjacent homoclinal panels of S1

S2 Axial planar to F2 mesofolds
Substantial geometric variability

f2 Detachment faults (see F2 above)
D3 f3 Range front: normal faults and shear bands

Brittle faults in northeastern Northern Range according
to Algar (1993)

a The Di, Si, Fi, and Li nomenclature refers respectively to deformation
phases, planar fabric (e.g. foliation, cleavage) elements, folds, and linea-
tions in successive phases of deformation and successive generations of
structures.



3.2. Eastern Northern Range

Rocks in the eastern Northern Range, which were first
mapped by Barr (1963), experienced two phases of folding,
and two, or possibly three, major phases of fabric develop-
ment (Table 1b; Algar, 1993; Algar and Pindell, 1993).
Nonetheless, bedding (S0), including cross-bedding and
grading, is still well preserved in most outcrops.

The earliest (F1) mesofolds are upright, and are accom-
panied by S1, a spaced slaty cleavage. Symmetric and
recumbent F2 mesofold trains fold S1 and generally occur
in faultbounded panels, detached from adjacent homoclinal
panels of S1. Where an axial planar S2 foliation is developed,
it strikes NE–SW with vertical to horizontal dips and a
complete spectrum of dip directions.

Mesoscopic brittle contractional and extensional faults
are also common in the eastern part of the range. Some
faults may be late (i.e. D3), as suggested by Algar (1993)
and Algar and Pindell (1993), but many that they ascribe to
D3 (e.g. at Tompire Bay), we interpret as uplimb thrusts that
formed during F1 folding, D1 normal faults that accommo-
dated F1 hinge-parallel stretching, and D2 detachments.

In the northeastern Northern Range, particularly near the
villages of Toco and San Souci (Fig. 1b), the rocks and
structures are quite different from those in the rest of the
eastern Northern Range described above and summarized in
Table 1b. The small body of basalt that crops out at Sans
Souci (Barr, 1963; Fig. 1b) is the only igneous rock exposed
in Trinidad; from it, Frey et al. (1988) identified minerals
diagnostic of the prehnite-pumpellyite facies. Abundant
faults, shear zones, and extensional fractures occur in
these basalts, and according to Wadge and Macdonald
(1985), may be due to both rapid cooling and later
tectonism.

Algar (1993) first suggested that the rocks exposed near
Toco comprise a tectonic melange of broken slate and meta-
sandstone (also see Algar and Pindell, 1993). Late faulting
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Fig. 3. Perspective cartoon sketch showing the principal geomorphic features of Trinidad. Redrawn by Colin Plank from Sutter (1960).

Fig. 4. Lower-hemisphere, equal-area plots showing structural data from
the southern boundary (Arima fault zone) of the Northern Range: (a) slick-
enside striae (open and filled circles) and brittle fault planes from range-
front (Arima) fault zone exposures at Champs Fleurs (Hilltop Road), St
Joseph, and Lopinot, and (b) normal dip-slip extensional shear bands from
scattered localities concentrated along the range front. All shear bands have
down to the south, normal, dip-slip sense of displacement (see Fig. 5). See
Fig. 1b for site locations.



and shearing in the melange is superposed on a D1 fabric
identical to that present across most of eastern Northern
Range and described above. No detailed study of slip
indicators on mesofaults in the Toco melange exists and
thus the tectonic significance of this unit remains undeter-
mined.

4. Microstructures and deformation mechanisms

4.1. Western and central Northern Range (main body)

Quartz-rich rocks of the western and central Northern
Range contain pervasive S1 and L1 fabrics that are defined
by a number of microfabric subelements. Microboudinage
(ductile necking) of detrital quartz grains defines principal
stretching and shortening directions, which are generally
subparallel to those same directions defined by the long
axes of tabular, pressure-solved, quartz augen, and quartz
fibers that have grown in strain shadows around rigid pyrite
grains and quartz augen (e.g. Fig. 6c, d). Together the
ductilely stretched grains and pressure fiber tails make up
the mesoscopic stretching lineations (L1), which are well-
defined in metaquartzites. Generally only S0–S1 intersection
lineations occur in metacarbonates, probably because the
metacarbonates are more fully recrystallized and recovered
from D1 crystal plastic strain than the metaquartzites.

New dynamically recrystallized quartz grains (Fig. 6b, d,
e) with strong crystallographic preferred orientations are
abundant in the metaquartzites. Crystallographic preferred
orientations (CPOs) were determined for quartzc-axes for
some of the most strongly recrystallized samples; two such
CPO fabric plots are presented in Fig. 7. Well-developed
cross-girdle and Y-maximum CPOs, probably indicative of
dislocation creep (e.g. Law, 1990), are common.

The new recrystallized quartz grains described above are
clearly related to the recovery of crystal plastic D1 strain
(see e.g. Etheridge and Wilkie, 1981; Law, 1990; Hirth and
Tullis, 1992), but many have been partially dissolved by
pressure solution (Fig. 6e). Consequently, these recrystal-
lized grains commonly have modified truncated and tabular,
rather than pristine and equant, shapes. The principal short-
ening and stretching directions for the pressure-solved
recrystallized grains is generally subparallel to those same
directions for the ductile D1 fabric subelements discussed
above.

M-domains, or p-bands, which according to Davis (1984),
p. 407) and Cobbold et al. (1972), form by the accumulation
of mica by intense pressure solution concentrated in spaced
zones and subsequent recrystallization, comprise another
common S1 foliation subelement (e.g. Fig. 6e) in both meta-
carbonates and metaquartzites.

In summary, we interpret that S1 and L1 formed by
pressure solution and quartz and calcite crystal plasticity
acting simultaneously to take up D1 strain.

Quartz in L1 pressure fiber tails locally exhibits complete
dynamic recrystallization of fibrous quartz, evidence of
intense crystal plastic deformation. In contrast, neighboring
detrital quartz grains and relicts (augen) may commonly
have been only weakly strained via crystal plasticity with
wavy extinction and subgrains (Fig. 6b). This is probably
how the core and mantle textures, common in many meta-
quartzite specimens, developed. Quartz of pressure fiber
origin thus appears weaker than detrital quartz, perhaps
owing to a greater water content (Griggs and Blacic, 1965).

Grain truncation, resulting in the development of
strong grain-shape fabrics, and the spaced nature of the S2

cleavage, indicate a pressure solution origin. D3 structures
are clearly brittle and cataclastic. The microstructures
described above therefore indicate that D1 coincided
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Fig. 5. Sketch from photograph of a south-dipping extensional shear band near the southern boundary of the Northern Range near Port-of-Spain (Fig. 1b).
View looking subhorizontally toward the east. Drawn by Colin Plank.



roughly with peak grain scale ductility, and therefore, peak
deformation temperature.

4.2. Eastern Northern Range

Most mineral grains in the eastern Northern Range

experienced only minor shape changes. However, evidence
for locally high strain is present (e.g. across spaced S1 and S2

slaty cleavage planes). Quartz grains generally have undu-
latory or patchy extinction, and also some subgrains,
indicating that they have experienced some crystal plastic
strain (Fig. 6a). Calcite grains are mechanically twinned
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Fig. 6. Photomicrographs of quartz microstructures of the Northern Range: (a) Patchy extinction in Regime 1 quartz grains. Sample GR 94-1, northeastern
Northern Range. (b) Relict detrital quartz grain with abundant subgrains and few new recrystallized grains along subgrain boundaries. Recrystallized quartz
grains and mica flakes form tail on relict detrital grain. Thin section is cut parallel to mesoscopic stretching lineation. Sample Uphill from Hilltop, Regime 2.
(c) Pristine quartz fibers preserved around an opaque iron oxide mineral grain. Quartz subgrains and small, recrystallized quartz grains in surrounding rock are
Regime 2 microstructures. Thin section is cut parallel to mesoscopic stretching lineation. Sample Chupara Bay. (d) Ductilely stretched and necked relict
detrital quartz grain. Subgrains and recrystallized grains, abundant in high-strain neck zone, indicate Regime 2. Thin section is cut parallel to mesoscopic
stretching lineation. Sample Chupara Bay. (e) Regime 3 rock composed entirely of large (100–200mm) dynamically recrystallized quartz grains. Sample
Macq Bay. See Fig. 9c for sample locations.



indicating that they, too, have been ductilely strained (e.g.
Fig. 8c). However, in general ductile strain has not been
recovered by recrystallization.

Original quartz grain shapes are generally only slightly
modified by dissolution. Short, and also commonly multi-
directional, quartz fibers also indicate that pressure solution
strain is generally low.

Algar and Pindell (1993) report a complete lack of early,
“ductile”, D1 fabric elements from the Sans Souci basalt, and
attribute this to late (post-D1) tectonic emplacement of a
Toco–Sans Souci allocthon. Alternatively, the lack of a D1

fabric may reflect that those basaltic minerals have higher
crystal plastic threshold temperatures than those of the calcite-
and quartz-bearing in the surrounding metasedimentary
rocks (also see Discussion and Conclusions section below).

5. Geothermometry results

5.1. Calcite microstructure geothermometry

The degree of deformation of the Northern Range carbo-
nates varies from weakly deformed limestone, in which
grain-scale sedimentary fabrics are preserved, to carbonate

schist in which grain-scale sedimentary fabrics have been
completely overprinted (Fig. 8). Calcite microstructural
assemblages indicate significant lateral variations in defor-
mation temperatures (Fig. 9a).

Microstructures from the carbonate schists in the north-
western Northern Range record the highest calcite defor-
mation temperatures. These rocks are nearly completely
dynamically recrystallized and typically recrystallization
has obliterated their original sedimentary fabrics. These
samples are thus interpreted to have been deformed at
.3008C. An upper temperature boundary of 4008C can be
assigned to this (Type V) microstructural assemblage based
on the maximum metamorphic temperatures of 300–4008C
estimated by Frey et al. (1988).

Samples from the eastern and southwestern parts of the
range have preserved sedimentary fabrics. In these rocks,
twinning accommodated the bulk of crystal plastic strain.
Lateral variations in twin morphology indicate that maxi-
mum deformation temperatures decrease eastward and
southward from. 3008C in the northwestern Northern
Range, to 200–2508C in the northeastern Northern Range,
and to 150–2008C along the southwestern edge of the range.

5.2. Quartz microstructure geothermometry

Lateral variations in quartz microstructures also reflect a
systematic east-to-west increase in deformation tempera-
tures (Fig. 9c). In the northwestern and western Northern
Range, coarsely recrystallized Regime 3 quartz ‘mylonites’
crop out. These rocks record the relatively highest tempera-
tures of quartz deformation. In the northeastern part of the
range quartz-rich metasedimentary rocks contain relatively
low-temperature Regime 1 and transitional Regime 1–2
quartz microstructures. Some samples in the northeast are,
however, resedimented quartz aggregates (Fig. 9c; samples
SS-94-1, SS-94-3) that were possibly derived from exposed
Northern Range metasedimentary rocks. The mix of micro-
structures in the clasts in these rocks spans the entire spec-
trum of Regime types; regime designations are thus not
meaningful. Quartz-bearing metasedimentary rocks across
much of the remainder of the range contain predominantly
Regime 2 microstructures, indicating relatively moderate
deformation temperatures.

5.3. Fission tracks

The zircon and apatite fission track ages determined in
this study are given in Table 2; locations are shown in Fig.
9b and given in Table 3. Three samples (LOP-93, Mat-m,
and Blanch-3) yielded young zircon fission track ages,
ranging from 12̂ 2 to 22^ 3 Ma, with tightly clustered,
unimodal, single-grain age distributions (Table 2). We inter-
pret that the zircon fission track ages for these samples are
reset and represent the time at which the host rocks cooled
through the zircon closure temperature range of,230–
3308C.

Two samples, GP-1 and Ar-17, yielded significantly older
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Fig. 7. Lower-hemisphere, equal-area, quartz c-axis fabric scatter plots for
two strongly recrystallized metaquartzite samples: (a) M-2 (Regime 2–3),
and (b) CB-1 (Regime 2–3). X and Z are principal finite strain directions
determined from mesoscopic stretching lineation and foliation. See Fig. 9c
for sample locations.



J.C. Weber et al. / Journal of Structural Geology 23 (2001) 93–112102



zircon fission track ages 84̂ 13 Ma and 172̂ 32 Ma,
respectively. We interpret these zircon fission track ages
as detrital ages because they are both older than their
protolith depositional age range (,150–67 Ma; Tithonian
to Maastrichtian). The single-grain age distributions are
broad with a high percentage of old grain ages, especially
in sample GP-1 (Table 2). These data suggest that samples
GP-1 and Ar-17 have never been heated above the top of the
zircon fission track partial annealing zone (PAZ) tempera-
ture of ,2308C. Therefore, their zircon fission track ages
represent the fission track ages of their clastic source terrane
and they are unreset.

All of the samples in this study gave extremely poor
apatite yields. Only one apatite fission track age (22^ 4
Ma for sample GP-1) was obtained (Fig. 9b; Table 2).
This apatite fission track age is a weighted mean age from
three separate apatite mounts (GP-1A, GP-1B, GP-1C;
Table 2) within the same irradiation tube. The three indi-
vidual apatite fission track ages are within one sigma error
of each other as follows: 15̂ 8 Ma, 23^ 10 Ma, and
23^ 5 Ma. The weighted mean apatite fission track age
of 22^ 4 Ma is significantly younger than the depositional
age of the protolith formation at Galera Point and is thus
considered reset. Note that the same sample, GP-1, yielded a
detrital zircon fission track age. The rocks at Galera Point
were thus heated to temperatures. 100^ 208C (apatite
fission track closure temperature) for times of. 1 Ma, but
not to temperatures. 2308C (top of zircon PAZ). Sample
GP-1 cooled through 100̂ 208C at 22^ 4 Ma. No confined
track length measurements, to further constrain cooling
histories, were made because of the paucity of apatite grains.

6. Discussion and conclusions

We resolved differences in deformation temperatures
across the Northern Range using three independent
techniques: calcite microstructural geothermometry, quartz
microstructural geothermometry, and fission track dating.
Deformation temperatures reached a maximum of 300–
4008C in the northwestern Northern Range, where both
calcite and quartz are completely dynamically recrystal-
lized, and zircon fission track ages were reset at,12 Ma.
Rocks in the northeastern part of the range have non-reset
zircon fission tracks, reset apatite fission tracks, Regime 1
and Regime 1–2 and 2–1 quartz microstructures, and type
III calcite twins; collectively these features represent defor-
mation temperatures of 200–3308C. These results show that
in general deformation temperatures in the Northern Range

increase along an east-to-west trend. Type I to type II calcite
twins from near the range’s southern boundary indicate the
lowest deformation temperatures, 150–2008C.

40Ar/ 39Ar results presented by Foland et al. (1992a),
and Foland and Speed, (1992b) (also R.C. Speed and
K.A. Foland, 1990–1992, personal communications and
unpublished data) corroborate the east-to-west thermal
gradient documented in this study. Whole rock specimens
analyzed from the northwestern Northern Range yielded
,25 Ma near-plateau40Ar/ 39Ar ages, probably reflecting
argon degassing from coarse metamorphic white mica
from m-domains.40Ar/ 39Ar analyses from the southern
and northeastern parts of the range yielded more convo-
luted spectra with older total gas ages. These complex
spectra probably reflect argon degassing from several
sources, including old, detrital micas that were not heated
to temperatures significantly above white mica blocking
temperatures (,3508C).

Our results do not allow us to resolve whether the west-
ward increase in thermal grade is abrupt across the Grand
Riviere fault (Fig. 1b). They permit the interpretation that
throw across this inferred fault may be either insignificant or
nonexistent and that the observed grade change is mostly
transitional. Another possibility is that the major east–west
break in grade occurs nearer the center of the range (see Fig.
9b and Section 6.1 below). We speculate that a subhorizontal
detachment fault or complex transition zone may separate
an upper tectonic domain with relatively low deformation
temperatures and predominantly upright D1 fabrics from a
lower tectonic domain with relatively high deformation
temperatures and subhorizontal D2 fabrics. Similar detach-
ments and transition zones separate the infrastructure from
the suprastructure in the Pyrenees (e.g. Carreras and Capela,
1994, 1995; Aerden, 1995; Garcia-Sansegunto, 1996; and
references therein). Rocks with relatively low deformation
temperatures and upright fabrics, perhaps also part of the
upper domain, also occur in what are likely down-dropped
normal fault blocks along the southern boundary of the
Northern Range (see Kinematic range front fault models
section below).

Our results do not require the Sans Souci basalt (Fig. 1b)
to be allocthonous as suggested by Algar and Pindell (1993).
Frey et al. (1988) report prehnite–purnpellyite minerals
from these rocks, the stability field of which ranges from
,2–7 kb and,100–3008C (Spears, 1993). These tempera-
tures overlap with those that we obtain from the calcite
microstructures (200–2508C) and the unreset zircon
fission track ages (,230–3308C) in the surrounding meta-
sedimentary rocks.
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Fig. 8. Photomicrographs of microstructures in carbonate rocks of the Northern Range: (a) Sedimentary texture preserved in sample PG-94-5, (b) thinand thick
twins in calcite cement from Cronstadt Island, (c) crossing thick twins and nearly completely twinned calcite grain in sample GR-94-3, (d) cross-cutting thick
twins in calcite cement in sample PG-94-8, (e) curved thick twins in calcite vein in sample PG-94-8, (f) detail of curved and tapering thick twins in sample PG-
94-8 shown in (e), (g) discontinuous, patchy twins and recrystallized grains in carbonate schist from Maraval Pit sample, (h) crenulation fabric developed in
cm-scale isoclinal fold in carbonate schist from Santa Cruz quarry. See Fig. 9a for sample locations and microstructural assemblage (twin type) designations.
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Fig. 9. (a) Map of the Northern Range showing the distribution of calcite microstructural types (I–V). Types I–IV coincide with Burkhard’s (1993, Fig. 6) twin
types I–IV. Type V refers to completely recrystallized carbonate rocks. Deformation temperatures inferred from each type are: I (,2008C), II
(.l5008C,, 2508C), III (.2008C, ,2508C), IV (.2508C), and V (.3008C). (b) Map of the Northern Range showing apatite (ap) and zircon (zr) fission
track cooling (reset) versus detrital (unreset) age determinations from this study and from that of Algar et al. (1998). See Table 2 for sample ages. (c) Map of
the Northern Range showing the distribution of quartz microstructural Regimes (1–3). No microstructural regime determinations were made for resedimented
quartz aggregates SS-94-1 and SS-94-3 (see Geothermometry Results section).



6.1. Rock exhumation rate estimates

Our new zircon fission track ages and those of Algar et al.
(1998) (Fig. 9b) allow subdivision of the Northern Range
into three thermal domains, and estimation of rock
exhumation rates in each domain. We filtered the ‘noisy’
data set of Algar et al., (1998) (see also Algar, 1993) by
excluding problematic “partially reset” samples with mixed
Neogene and older ages and also broadly mixed Neogene
ages. The filtered data are listed in Table 2. In the western
part of the range, our ages and the filtered ages of Algar et al.
are statistically identical at two-sigma error, and in many
cases, samples from the two studies are statistically identical
at one-sigma error. These western rocks all cooled through
,2308C nearly simultaneously at,12 Ma. Rocks in the
northeastern Northern Range were never heated to. 230–
3308C based on their detrital zircon fission track ages. In the
central part of the range, some rocks cooled through the
zircon PAZ of 230–3308C at ,22 Ma (e.g. Blanch-3,
Mat-m), whereas others (e.g. Ar-17, NCR30) were never
heated to.230–3308C and yielded detrital zircon FT
ages. Details regarding the boundary between rocks with
detrital and reset zircon FT ages in the central Northern
Range are currently lacking. Rocks with reset zircon FT
ages are included in the central domain, those with unreset
zircon FT ages are placed in the eastern domain. That many
of the ,22 Ma central domain ages overlap with many of
the ,12 Ma western domain ages at two-sigma error
suggests that the boundary between these two domains
may be gradational. Alternatively, rocks with unreset zircon
FT ages along the north coast may occur in a block down-
dropped along steeply dipping, N–S-striking, normal faults,

akin to those we observed at the mesoscopic scale (Table
1a). Another possibility is that these ‘cold’ rocks occur as a
non-eroded patch of eastern-domain-type rocks that are
bounded at their base by a subhorizontal detachment fault
(see the general Discussion and Conclusions section above).

We calculate average cooling and rock exhumation rates
for each of the three thermal domains discussed above using
the following assumptions: (1) a surface temperature today
of 258C, (2) a uniform zircon closure temperature of 2758C,
(3) an apatite closure temperature of 1008C, (4) a 258C/km
geothermal gradient to convert the cooling rates to exhu-
mation rates, (5) no isotherm advection during exhumation,
and (6) steady exhumation. According to Mancktelow and
Grasemann (1997), isotherms are probably not advected
during relatively slow (,1 mm/year) exhumation; the
exhumation rates calculated below are all, 1 mm/year.
Steady exhumation is assumed simply because we generally
have too few data to do otherwise. In the western domain,
where we have sufficient data to asses whether exhumation
was steady or not, it appears slightly faster from 12 Ma to
today than from 25 to 12 Ma (Fig. 10).

Our estimated cooling and rock exhumation rates are
13.28C/my and 0.53 mm/y for the western domain, 9.38C/
my and 0.37 mm/y for the central domain, and 3.48C/my and
0.14 mm/y for the eastern domain. Like thermal grade, these
values also increase systematically from east to west across
the range (Fig. 10).

6.2. Kinematic range front fault models

The two exhumation processes that remove material
from Earth’s surface and allow rock from depth to be
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Table 2
Zircon (ZFT) and apatite fission (AFT) track agesa

Sample ZFT age
(Ma)

^ 95%
confidence

No. of
grains

U (p.p.m.) P(x2)% AFT age
(Ma)

^ 95%
confidence

No. of
grains

U (p.p.m.) P(x2)%

LOP-93 12.0 1 1.7-1.5 20 202.4 1.9
Mat-m 19.4 1 3.7-3.1 13 144.8 1.2
Blanch-3 22.1 1 4.7-3.8 8 180.3 99.3
Ar-17 172.3 1 34.0-28.5 14 230.5 93.4
GP-1A 83.7 1 14.3-12.3 17 190.2 1.3 15.3 1 24.1-11.4 3 10.2 100
GP-1B ND 23.9 1 53.5-8.3 1 24.0 ND
GP-IC ND 23.5 1 13.1-9.3 3 15.4 5.3
LYR* 11.9 ^ 1.0 11 30
NCR24* 15.4 ^ 1.2 10 29
NCR30* 271 ^ 42 4 100
LOP14* 11.3 ^ 1.3 9 6
LOP1* 11.8 ^ 1.3 8 100
MC1.5* 11.7 ^ 0.9 11 4
MOR* 205 ^ 18.1 8 0
NCR9* 11.1 ^ 0.6 20 0.9
T5i* 202 ^ 16 9 3
T4* 121 ^ 7.2 11 9
GAL* 116 ^ 9 10 0.1

a Apatite and zircon FT ages given asx2 ages (Brandon, 1992). Apatite zeta� 103.4^ 2.3 for CN1 glass (MR-T) and zircon zeta� 344.5^ 18.7 for CN1

glass (MR-T). Samples marked (*) from Algar et al. (1998) filtered data set (see Section 6.1). Weighted mean AFT age for GP-1 from subsamples GP-1A,
GP-1B, and GP-1C� 22.5^ 9.2 Ma for seven grains.
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Table 3
Sample locationsa

Sample name Rock type Sheet Local UTM X Y Latitude (8W) Longitude (8N)

51 metasandstone 16 PS 093 821 709300 1182100 61.08644 10.6884
160-Hilltop metasandstone 13 PS 725 784 672500 1178400 61.42297 10.65682
168-Hilltop metasandstone 13 PS 725 784 672500 1178400 61.42297 10.65682
67-Hilltop metasandstone 13 PS 725 784 672500 1178400 61.42297 10.65682
93-MM metasandstone 13 PS 622 826 662200 1182600 61.51693 10.69526
Anc-1 metasandstone 12 PS 504 809 650400 1180900 61.62486 10.68038
Ar-11 metasandstone 14 PS 851 863 685100 1186300 61.30741 10.72764
Ar-12 metasandstone 14 PS 849 866 684900 1186600 61.30922 10.73037
Ar-13 metasandstone 14 PS 845 872 684500 1187200 61.31285 10.73581
Ar-14 metasandstone 14 PS 830 885 683000 1188500 61.3265 10.74764
Ar-16b metasandstone 4 PS 853 901 685300 1190100 61.30539 10.76199
Ar-17 metasandstone 4 PS 834 931 683400 1193100 61.32261 10.78921
Ar- 17/ap/zr metasandstone 4 PS 834 931 683400 1193100 61.32261 10.78921
Ar-2 metasandstone 14 PS 877 781 687700 1178100 61.28406 10.65338
Ar-4 metasandstone 14 PS 869 789 686900 1178900 61.29133 10.66065
Ar-6 metasandstone 14 PS 868 813 686800 1181300 61.29213 10.68236
Ar-7 metasandstone 14 PS 868 832 686800 1183200 61.29203 10.69953
Ar-8 metasandstone 14 PS 867 844 686700 1184400 61.29288 10.71039
B-94-1 metacarbonate 16 QS 193 856 719300 1185600 60.99485 10.71946
Blanch-3 metasandstone 4 PS 819 947 681900 1194700 61.32711 10.80322
Blanch-1 metasandstone 4 PS 839 939 683900 1193900 61.31800 10.79641
Blanch-3b metasandstone 4 PS 819 947 682900 1194600 61.32711 10.80322
BS-1 metasandstone 14 PS 845 872 681900 1194700 61.31284 10.73852
BS-2 metasandstone 14 PS 843 874 684300 1187400 61.31467 10.73763
CB-1 metasandstone 3 PS 669 904 666900 1190400 61.47361 10.76558
CB-2a metasandstone 4 PS 787 954 678700 1195400 61.36547 10.81023
CB-93-S metasandstone 4 PS 779 936 677900 1193600 61.37288 10.79399
CB-93-Sa metasandstone 4 PS 779 936 677900 1193600 61.37288 10.79399
CB2-Aa metasandstone 4 PS 785 943 678500 1194300 61.36736 10.80029
CB2-Bb metasandstone 4 PS 785 943 678500 1194300 61.36736 10.80029
CB2-Cc metasandstone 4 PS 785 943 678500 1194300 61.36736 10.80029
CF-93-b metacarbonate 13 PS 727 783 672700 1178300 61.42114 10.65591
CF-94-1 metacarbonate 13 PS 727 783 672700 1178300 61.42114 10.65591
CF-94-2 metacarbonate 13 PS 727 783 672700 1178300 61.42114 10.65591
CF-94-3 metacarbonate 13 PS 727 783 672700 1178300 61.42114 10.65591
Chachachacare metacarbonate 11 PS 360 815 636000 1181500 61.7528 10.6852
Chag-1 metasandstone 12 PS 479 812 647900 1181200 61.64771 10.68319
Chupara Bay metaconglom 4 PS 787 954 678700 1195400 61.36547 10.81023
Cronstadt metacarbonate 12 PS 497 784 649700 1178400 61.63136 10.6578
Gaspar Grande metacarbonate 12 PS 470 793 647000 1179300 61.65601 10.66605
GP-1-ap/zr metasandstone 6 QS 284 983 728400 1198300 60.91088 10.8337
GR-94-1 metacarbonate 6 QS 137 975 713700 1197500 61.04533 10.82735
GR-94-1 metasandstone 6 QS 137 975 713700 1197500 61.04533 10.82735
GR-94-2 metacarbonate 6 QS 133 977 713300 1197700 61.04898 10.82918
GR-94-3 metacarbonate 6 QS 141 974 714100 1197400 61.04168 10.82643
GS-1 metasandstone 13 PS 615 807 661500 1180700 61.52341 10.67811
GS-2 metasandstone 13 PS 615 807 661500 1180700 61.52341 10.67811
Hike #12 metacarbonate 15 PS 915 836 691500 1183600 61.24905 10.70291
LC-1 metasandstone 13 PS 619 802 661900 1180200 61.51977 10.67357
LC-2 metasandstone 13 PS 619 802 661900 1180200 61.51977 10.67357
LC-91a metasandstone 4 PS 757 921 675700 1192100 61.39307 10.78054
LC-S-1 metasandstone 13 PS 624 816 662400 1181600 61.51514 10.68621
LC-S-3 metasandstone 13 PS 624 814 662400 1181400 61.51515 10.6844
LC-S-4 metasandstone 13 PS 625 811 662500 1181100 61.51425 10.68168
LC-S-5 metasandstone 13 PS 625 809 662500 1180900 61.51426 10.67987
LC-S-7 metasandstone 13 PS 623 807 662300 1180700 61.51609 10.67807
LCV-93-1 metasandstone 4 PS 766 927 676600 1192700 61.38481 10.78592
LN-94-1 metacarbonate 6 QS 216 982 721600 1198200 60.97306 10.83321
Lop-1 metasandstone 24 PS 828 775 682800 1177500 61.32887 10.6482
Lop-3 metasandstone 14 PS 826 794 682600 1179400 61.33061 10.66539
LOP-93 metasandstone 14 PS 836 821 683600 1182100 61.32133 10.68975
LOP-93 ap/zr metasandstone 14 PS 836 821 683600 1182100 61.32133 10.68975



brought closer to Earth’s surface are erosion and normal
faulting. Summerfield and Hulton (1994) report a world
high erosional denudation rate of 0.7 mm/year for the
Brahmaputra River basin, which drains the Himalayas.
Their mean from the 30 globally distributed drainage basins
is an order of magnitude lower, 0.07 mm/year. Milliman and
Syvitski (1992) report that locally erosion rates can reach
,1 mm/year along small mountainous streams. Thus a
tectonic contribution is probably not required to produce
exhumation rates of the magnitude that we observe in the
Northern Range. However, the southern range front is

probably bounded by a major normal fault, discussed
below, that probably played some role in differentially
exhuming the Northern Range rocks. We model the differ-
ential Northern Range exhumation rates as if it was solely
due to differential movement on a range-front normal-fault
system. We then discuss observations which suggest that
erosion was probably also an important contributing factor,
albeit difficult to quantify.

A variety of kinematic models have been proposed for the
fault bounding the Northern Range along its southern edge.
Based on detailed geological mapping, Kugler, (1961)
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Table 3 (continued)

Sample name Rock type Sheet Local UTM X Y Latitude (8W) Longitude (8N)

Lop-S-1 metacarbonate 24 PS 818 770 681800 1177000 61.33804 10.64373
M-2 metasandstone 3 PS 699 902 669900 1190200 61.44619 10.76363
M-3 metasandstone 3 PS 717 896 671700 1189600 61.42976 10.75812
M-4 metasandstone 3 PS 717 896 671700 1189600 61.42976 10.75812
M-6 metasandstone 3 PS 699 902 669900 1190200 61.44619 10.76363
Macq Bay metasandstone 12 PS 508 873 650800 1187300 61.62094 10.73823
Mar-2 metacarbonate 13 PS 621 849 662100 1184900 61.51774 10.71606
Mar-5 metacarbonate 13 PS 619 851 661900 1185100 61.51956 10.71788
Maracas-1 metasandstone 3 PS 717 896 671700 1189600 61.42976 10.75812
Maracas-2 metasandstone 3 PS 699 902 669900 1190200 61.44619 10.76363
Maracas-3 metasandstone 3 PS 721 898 672100 1189800 61.42609 10.75991
Maracas-flt metasandstone 3 PS 717 896 671700 1189600 61.42976 10.75812
Maraval Pit metacarbonate 13 PS 624 846 662400 1184600 61.51501 10.71333
Mat-m metasandstone 16 QS 151 824 715100 1182400 61.03342 10.69078
Mat-m ap/zr metasandstone 16 QS 151 824 715100 1182400 61.03342 10.69078
MSB-ap/zr metasandstone 14 PS 749 792 674900 1179200 61.40099 10.66395
MT-1 metasandstone 14 PS 753 804 675300 1180400 61.39728 10.67478
MV-94-1 metacarbonate 6 QS 161 972 716100 1197200 61.02341 10.8245
MV-94-2 metacarbonate 6 QS 162 972 716200 1197200 61.0225 10.8245
MV-94-3 metacarbonate 6 QS 173 976 717300 1197600 61.01241 10.82805
MVL-1 metasandstone 13 PS 615 808 661500 1180800 61.5234 10.67901
PG 94-8 metacarbonate 12 PS 501 804 650100 1180400 61.62763 10.67587
PG-94-1 metacarbonate 12 PS 514 801 651400 1180100 61.61576 10.67311
PG-94-2 metacarbonate 12 PS 515 801 651500 1180100 61.61484 10.6731
PG-94-3a metacarbonate 12 PS 511 801 651100 1180100 61.6185 10.67312
PG-94-5 metacarbonate 12 PS 506 802 650600 1180200 61.62307 10.67404
PG-94-9a metacarbonate 12 PS 503 806 650300 1180600 61.62579 10.67767
PG-94-9b metacarbonate 12 PS 503 806 650300 1180600 61.62579 10.67767
Saddle metacarbonate 13 PS 643 849 664300 1184900 61.49762 10.71596
Santa Cruz quarry metacarbonate 13 PS 691 846 669100 1184600 61.45376 10.71304
SC- 1 metacarbonate 13 PS 662 850 666200 1185000 61.480258 10.71678
SC-2 metacarbonate 13 PS 662 850 666200 1185000 61.48025 10.71678
SC-2b metacarbonate 13 PS 691 846 669100 1184600 61.45376 10.71304
SC-3 metacarbonate 13 PS 691 846 669100 1184600 61.45376 10.71304
SS-94-1 metasandstone 6 QS 186 986 718600 1198600 61.00047 10.83701
SS-94-3 metasandstone 6 QS 197 983 719700 1198300 60.99043 10.83423
T-90-f metacarbonate 13 PS 624 846 662400 1184600 61.51501 10.71333
T-94-1 metacarbonate 6 QS 235 980 723500 1198000 60.9557 10.83129
T-94-2 metacarbonate 6 QS 242 983 724200 1198300 60.94928 10.83396
T-94-4 metasandstone 6 QS 252 967 725200 1196700 60.94024 10.81944
Top #12 metacarbonate 15 PS 917 841 691700 1184100 61.24719 10.70742
Top #8 metasandstone 14 PS 847 812 684700 1181200 61.31133 10.68156
Uphill from Hilltop metasandstone 13 PS 724 787 672400 1178700 61.42387 10.65954
WM-1 metasandstone 13 PS 583 908 658300 1180800 61.55265 10.67915
WM-4 metasandstone 13 PS 583 808 658300 1180800 61.55265 10.67915
YB-1 metasandstone 4 PS 807 948 680700 1194800 61.34721 10.80471
YB-2 metasandstone 4 PS 805 948 680500 1194800 61.34904 10.80472

a Sheet numbers refer to Trinidad 1: 25 000 topographic sheet numbers. Localx, y coordinates are in UTM Zone 20.



proposed that the range is bounded by a major south-dipping
normal fault, which he named the Arima fault. Later
interpretations based on plate-scale thinking speculated
that the southern boundary fault is a north-dipping thrust
(Speed, 1985), or a vertical strike-slip fault (Robertson
and Burke, 1989). Recent studies of the tectonics of

Trinidad and Venezuela incorporate many new data from
offshore and onshore petroleum wells and seismic reflection
profiles. Algar and Pindell (1993), Babb and Mann (1995),
and Flinch et al. (1999) interpreted the Gulf of Paria (Fig. 3)
as an extensional pull-apart basin at the right step between
two right-lateral strike-slip faults: the El Pilar fault in
northern Venezuela and the Central Range (Warm Springs)
fault in central Trinidad (Fig. 1b) (also see Sims et al.,
1999). Recent geodetic results (Weber et al., 1999, 2000)
show that the Central Range fault is curently the active
(14^ mm/y), but aseismic, strike-slip fault in Trinidad.
These new data support the pull-apart model and are con-
sistent with Kugler’s (1961) interpretation that the southern
boundary fault of the Northern Range is a south-dipping
normal fault.

Kinematic data collected from east–west-striking, south-
dipping shear bands, and east–west-striking, subvertical,
dip-slip faults in thick, cataclastic zones (both of which
are pervasive along the southern foot of the Northern
Range) also support the range-front normal-fault interpre-
tation (e.g. Figs. 4 and 5). The distribution of deformation
temperatures determined in this study is also consistent with
this interpretation. The lowest calcite deformation tempera-
tures (150–2008C) come from near the range front (Fig. 9a).
There, rocks with type I and type II calcite twins are juxta-
posed sharply against ‘hotter’ Regime 2–3 quartz mylonites
(Fig. 9c) across what is most likely a south-dipping normal
fault. A group of samples with relatively low-temperature
quartz microstructures (Fig. 9c, samples 160-Hilltop, 168-
Hilltop, 67-Hilltop, LOP-S-1, and LOP-1) and unreset
zircon fission tracks (Fig. 9b, sample MOR) probably
mark the position of a similar down-dropped block further
west along the range front. The range front fault zone
studied in detail at Champs Fleurs (Figs. 1b and 4a) is
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Fig. 11. Graph relating rates of fault slip, fault throw, fault heave, and
plunge of slip vector after Ferrill et al. (1996a). W1, C1, E1, and W2,
C2, and E2 represent rates of fault slip, fault throw, fault heave, and plunges
of slip vectors for western (W), central (C), and eastern (E) Northern Range
thermal domains for the first (1) and second (2) fault kinematic models
discussed in text. In the first model, lateral changes in rate of throw are
explained by a west-to-east decrease in fault dip, but constant rate of dip-
slip displacement on the fault. In the second model, lateral changes in rate
of throw are explained by changes in rate of dip-slip displacement on a fault
with constant dip.

Fig. 10. Cartoon-graph showing approximate exhumation rates for the three thermal domains in the Northern Range as defined in this study: ENR—eastern,
CNR—central, and WNR—western. Note that the total exhumation and the Neogene exhumation rate determined for the western Northern Range are double
those values from the eastern part of the range. Data shown on the graph are: ap ft (apatite fission track, this study), zr ft (zircon fission track, this study and
Algar et al. (1998)), and Ar/Ar (40Ar/39Ar, Foland et al., 1992a).



probably correlative with Kugler’s (1961) Arima fault, and
occurs between the Uphill from Hilltop sample (Regime 2)
and the 160-Hilltop, 168-Hilltop, and 67-Hilltop samples
(Regime 2–1) (Fig. 9c).

We develop two geometric range-front normal-fault
models that use laterally changing fault dip and slip rate
to explain the east-to-west differential of exhumation and
exhumation rate in the Northern Range. These are non-
unique forward models. In each, we assume that the east–
west-striking, south-dipping (80–858) shear bands and
faults, pervasive along the western range front, mark the
orientation of a master normal fault there, rather than that
of any other possible related secondary shear surfaces (e.g.
R, R’, etc.). Neither model disallows an additional compo-
nent of strike-slip on the range front fault. We simply model
only the dip-slip motion, the component of displacement
that may have produced the differential exhumation that
we observe. The long-term rate of footwall exhumation
possible by normal faulting is simply the throw rate compo-
nent of the total fault slip rate. Throw rate depends on the
dip of the fault plane, the rake of the slip vector within the
fault plane, and the slip rate (e.g. Fig. 11).

In the first model we assume that the range-front normal
fault maintains a constant long-term slip rate of 0.55 mm/y
across its entire strike length to match the observed 0.53
mm/y exhumation rate along the proposed 80–858 south-
ward-dipping master fault in the western thermal domain,
and allow the dip of this range-bounding fault to vary along
strike. Geometrically (Fig. 11), this results in a southward
fault dip of 438 in the central domain and of 138 in the
eastern domain. The corresponding extensional heave
rates along the fault are: 0.08 mm/y (western domain),
0.42 mm/y (central domain), and 0.53 mm/y (eastern
domain). Large extensional strains have not been observed
along the eastern range front, nor have shallowly dipping,
range-bounding faults been found there.

In the next model, we assume that the range-bounding
normal fault maintains a constant 80–858 southward dip
along its entire strike length, and allow total dip-slip rates
to decrease eastward along strike from 0.54 mm/y in the
western domain, to 0.38 mm/y in the central domain, and
to 0.14 mm/y in the eastern domain, to match our observed
exhumation (throw) rates. The corresponding heave rates
are (Fig. 11): 0.08 mm/y (western domain), 0.05 mm/y
(central domain), and 0.03 mm/y (eastern domain).

Support favoring this second model over the first model
may come from the morphology of recent range-front
alluvial fans (Fig. 3), although at our present level of under-
standing of these features this correlation is largely specu-
lative. Nevertheless, in the eastern Northern Range, the
range-front alluvial fans are coalesced into a large, laterally
extensive bajada. Those along the western range front are
small, stubby, individual alluvial fans. This difference may
reflect the predominance of vertical sediment aggradation
along the western range front, where exhumation and also
perhaps uplift rates and basin subsidence, have been the

greatest, and that of lateral sediment progradation further
east where such rates were lower (e.g. see the analogue
study of Ferrill et al., 1996b and references therein).

Although we can match our observed exhumation rates
with model rates, it is not realistic to attribute all of the
observed Northern Range exhumation to normal faulting.
The lack of extremely high overall surface elevations and
a systematic east to west increase in elevation across the
range implies that erosion must have been vigorous and
prevented high footwall topography from developing.
Today Trinidad’s climate is seasonally wet–dry and tropi-
cal, with a mean annual precipitation of 100–150 cm/y
(Rand McNally, 1974). In coastal eastern Venezuela, the
climate is semiarid tropical, with a mean annual precipi-
tation of 50–100 cm/y; mean annual precipitation decreases
further to 25–50 cm/y in coastal central Venezuela (Rand
McNally, 1974). This east-to-west decrease in precipitation
has a sense opposite to the exhumation rate change that we
observe across the Northern Range. This implies that the
erosional exhumation contribution was, at best, constant
across the Northern Range, and that the range-front
(Arima) fault probably played a significant role in differen-
tially exhuming these rocks. Based on the consistent steep
dips of shear bands and faults that we observe along the
western and central range front, and the morphology of
range-front alluvial fans, we favor the second fault
kinematic model over the first model.

6.3. Zircon fission-track closure temperature constraints

Our data are consistent with the newly determined higher
closure temperature range of 230–3308C for fission track
retention in zircon (Tagami et al., 1995; Yamada et al.,
1995; Tagami and Shimada, 1996). Calcite microstructure
geothermometry data from the northeastern Northern Range
indicate peak temperatures of 200–2508C there, and the
zircon fission tracks are not reset in these rocks (see Results
section above and Fig. 9a, b).

6.4. Absolute microstructural geothermometry at natural
strain rates

Several other important insights can be drawn from our
study. The experimental results of Hirth and Tullis (1992)
used to establish the relative quartz microstructural defor-
mation temperature patterns discussed above could not
predict absolute temperature boundaries between micro-
structural regimes in our naturally deformed rocks. We
interpret the quartz microstructures from the northeastern
Northern Range as transitional between Regimes 1 and 2
(Fig. 9c), because they generally contain a small proportion
of detrital grains with subgrains. Our calcite geother-
mometry (Fig. 9a) and fission track data (Fig. 9b) from
the northeastern Northern Range indicate that these Regime
2 quartz microstructures (Fig. 9c) first appeared at about
200–2508C and at,230–3308C. In the northwestern North-
ern Range, calcite and quartz grains are both completely
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dynamically recrystallized (i.e. Regime 3 quartz microstruc-
tures are present), and zircon fission track ages are reset. We
estimate that the Regime 3 microstructures first appeared
there at.230–3308C and,4008C.

In the present study we did not determine the strain
rates at which our samples were deformed. It is, however,
instructive to consider and discuss some possibilities.
The experimentally determined microstructural boundaries
of Hirth and Tullis (1992) (Fig. 2) show strong temperature
and strain rate dependencies. Typical “background” natural
strain rates are estimated to be as low as 10213 to 10215 sec21

(Pfiffner and Ramsay, 1982). Our samples do not come from
isolated high-strain or high-strain-rate, structures (e.g.
mesoscopic shear zones). We assume “background” natural
strain rate values of Pfiffner and Ramsay (1982) and add our
new temperature constraints to the graph of Hirth and Tullis
(1992) (Fig. 2). The plot suggests that the effect of tempera-
ture on quartz microstructural transitions becomes stronger
(i.e. the slope of the experimentally determined boundaries
flattens) at low (10213 to 10215 sec21), natural strain rates.
(The slope of these boundaries must decrease if the strain
rates for our naturally deformed samples were less than 1028

to 1029 sec21.) The quartz microstructural assemblage tran-
sitions mapped in this study may thus serve more generally
as geothermometers in other naturally deformed rocks in
regions of relatively homogeneous strain rates. Our
proposed calibrations, however, need further refining and
testing to better constrain the transition temperatures.
Also, more attempts should be made to independently
estimate natural strain rates.

Calcite microstructures from the carbonate schists in the
northwestern Northern Range record the highest calcite
deformation temperatures in the range. The calcite in
these rocks is completely dynamically recrystallized, giving
a lower bound of 3008C for the peak deformation tempera-
tures. A new upper bound of 4008C can be assigned to
the complete dynamic recrystallization microstructural
assemblage based on the metamorphic mineralogy
constraints of Frey et al. (1988).
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Appendix A. Fission Track Laboratory Procedures

Apatite and zircon were separated from whole rock
samples by standard heavy liquid and magnetic techniques
as described in Roden (1991) and Roden and Miller (1991).
Apatite and zircon fission track ages were detemined by the
external detector method. Small aliquots of 10–20 mg of
apatite were mounted in epoxy on glass slides and polished
to expose internal grain surfaces. Spontaneous fission tracks
in the apatites were revealed by etching for 20 s in 5 M
HNO, at 218C. Aliquots of 10–20 mg of zircon were
mounted in teflon and polished to expose an internal surface.
Tracks in zircon were etched for 4–20 h in a KOH–NaOH
eutectic melt at 2258C. Both apatite and zircon mounts were
then covered by a thin sheet of low-uranium muscovite
secured by tape.

Samples were irradiated with thermal neutrons to induce
fissioning of the235U in the apatite and zircon at the Oregon
State University TRIGA reactor in Corvallis. Fluence
standards were two pieces of Coming Glass standards,
CN1, apatite, and CN5, zircon, included at the ends of
each irradiation package. A thermal neutron fluence of
8 × 1015n/cm2 was obtained for apatite samples and a
fluence of 2× 1015 n/cm2 was obtained for zircon samples.
The Cd ratio (relative to an Au monitor) for this reactor is
14, indicating that the reactor is well-thermalized (Green
and Hurford, 1984).

Ages were calculated using a weighted mean zeta calibra-
tion factor (Fleischer et al., 1975; Hurford and Green, 1983)
for apatite of 103.4̂ 2.3 for standard apatites from the Fish
Canyon Tuff, Durango, and Mount Dromedary quartz
monzonite and for zircon of 375.6̂ 10.0 for standard
zircons from Fish Canyon Tuff and Mount Dromedary
quartz monzonite.

Thex2 (chi-squared) age method of grain age distribution
(Brandon, 1992) was used to isolate the youngest group of
fission track grain ages that were possibly statistically
related. Thex2 age estimate provides a grouping of the
youngest age fraction in a mixture of component grain age
populations. In samples in which the zircon or apatite fission
track age has been reset, or in which all individual grain
ages pass thex2 test at the 5% level, thex2 age is the same as
the pooled fission track age of Green (1981).
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