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Abstract

The Laramide orogeny is the Late Cretaceous to Palaeocene (80^55 Ma) orogenic event that gave rise to the Rocky
Mountain fold and thrust belt in Canada, the Laramide block uplifts in the USA, and the Sierra Madre Oriental fold
and thrust belt in Mexico. The leading model for driving Laramide orogenesis in the USA is flat-slab subduction,
whereby stress coupling of a subhorizontal oceanic slab to the upper plate transmitted stresses eastwards, producing
basement-cored block uplifts and arc magmatism in the foreland. The thermal models presented here indicate that arc
magma generation at significant distances inboard of the trench (s 600 km) during flat-slab subduction is
problematic; this conclusion is consistent with the coincidence of volcanic gaps and flat-slab subduction at modern
convergent margins. Lawsonite eclogite xenoliths erupted through the Colorado Plateau in Oligocene time are inferred
to originate from the subducted Farallon slab, and indicate that the Laramide flat-slab subduction zone was
characterised by a cold thermal regime. Thermal modelling indicates that this regime can be produced by flat-slab
subduction of old (sV50 Myr) oceanic lithosphere at high convergence rates. In the Canadian and Mexican
portions of the Laramide orogen, the coeval development of a magmatic arc within 300 km of the trench refutes the
existence of flat-slab subduction in these regions. It is proposed that subduction of an oceanic plateau/aseismic ridge
may have overcome the negative buoyancy inherent in old oceanic lithosphere and resulted in a spatially restricted
zone of flat-slab subduction in the USA. These findings cast doubt on the flat-slab model as a primary means of
driving Laramide orogenesis along its entire length, and instead point to the need for an alternative mechanism for
Cordilleran-wide Laramide orogenesis.
; 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The Laramide orogeny is the Late Cretaceous
to Palaeocene (80^55 Ma) orogenic event that
gave rise to the Rocky Mountain fold and thrust
belt in Canada, the Laramide block uplifts in the
USA, and the Sierra Madre Oriental fold and
thrust belt in east-central Mexico (Fig. 1). In the
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USA, deformation was coeval with signi¢cant
magmatism; arc-related magmatism is inferred
to have spread eastwards into a number of limited
areas in the foreland: Idaho/southwestern Monta-
na, and a narrow northeast-trending belt in Col-
orado known as the Colorado Mineral Belt (e.g.
[1^3]; Fig. 1). The Laramide orogeny is widely
believed to post-date the Jurassic and late Early
Cretaceous accretion of the terranes that make up
much of the North American Cordillera (e.g. [4^
7]). Thus along much of its length the fold and
thrust belt is thought to have developed 700^
1500 km inboard of the nearest convergent plate
boundary. No crustal blocks or terranes are
known to have accreted to the western continental
margin during this interval. A collisional origin
for Laramide orogenesis has therefore been ruled
out, and the favoured model is £at-slab subduc-
tion (e.g. [2,4,8]).
In the £at-slab model, the oceanic slab subduct-

ing along the western margin of the continent did
not descend directly into the mantle, but remained
in contact with the upper plate for a distance of
s 700 km inboard of the trench. As a result, the
subducting slab would not have penetrated the
asthenosphere beneath the Sierra Nevada, provid-
ing an explanation for why magmatism there be-
gan to wane and migrate eastwards. Stress cou-
pling of the upper plate with the £at slab could
have transmitted stresses eastwards and caused
basement-cored block uplifts in the foreland
[4,8]. Magmatism and deformation are inferred
to have developed above the zone along which
the subducting slab eventually steepened and de-
scended into the deep mantle.
Thermal modelling was used to address two

questions: (a) can a £at-slab geometry delay de-
hydration of the subducted slab until it reaches a
distance s 600 km inboard of the trench, and

Fig. 1. Map showing areas of pre-Laramide and Laramide
magmatism, the extent of the Laramide-age thin-skinned fold
and thrust belt and thick-skinned block uplifts, and the ap-
proximate location of the Laramide £at-slab according to
Saleeby [29]. Note that Cainozoic extension has not been re-
stored in this ¢gure.
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hence account for inboard arc magmatism (e.g.
Colorado Mineral Belt ; Fig. 1), and (b) what do
P^T conditions determined from eclogitic xeno-
liths [9] reveal about the thermal structure and
dynamics of Laramide £at-slab subduction? Ther-
mal pro¢les were constructed across a normal,
pre-Laramide subduction zone, and across two
possible geometries of the £at-slab subduction
model. Variations in the thermal state of the sub-
ducting slab as a result of di¡erent convergence
velocities and slab ages were assessed in order to
constrain the conditions under which inboard
magmatism could occur. These conditions were
compared with existing plate motion models
(e.g. [10,11]), which provide us with estimates of
rates and directions of plate convergence, and
with the estimated age of oceanic crust entering
the trench during Laramide time. Finally, the ap-
plicability of the £at-slab subduction hypothesis
to the Canadian extension of the Laramide was
considered, where Coast Belt magmatism records
arc development only 250 km inboard of the
trench.

2. Thermal model

The thermal regime of the hypothetical Lara-
mide £at-slab subduction zone is investigated by
constructing two-dimensional steady-state ¢nite-
element thermal models (methodology described
by Hyndman and Wang [12] and Wang et al.
[13]). A uniform thermal conductivity, heat ca-
pacity, heat source, and motion velocity is as-
signed to each element, with the value evaluated
at the centre of the element. The model calculates
a steady-state thermal regime for each subduction
zone once the boundary conditions are speci¢ed.
These thermal models include the e¡ects of vis-
cous corner £ow in the mantle, radiogenic heating
in the continental lithosphere, and shear heating
along the subduction interface.
The boundary conditions of the model are:

(1) at the surface, the temperature is 0‡C, (2) at
the left-side boundary, an oceanic geotherm of
appropriate age for the incoming plate is applied
based on the GDH1 plate cooling model [14], and
(3) a continental geotherm with a surface heat £ux

of 65 mW/m2, a temperature of 1450‡C at 95 km
depth and an adiabatic gradient of 0.3‡C/km for
depths s 95 km down to the centre of the mantle
wedge is applied [15] at the right-side boundary
1200 km from the trench. Thermal conductivities
of 2.5 and 2.9 W/m/K are applied to the conti-
nental and oceanic lithosphere respectively. The
thermal capacities of the crust and mantle are
2.7 and 3.3 MJ/m3/K respectively, and radioactive
decay produces 1.2 WW/m3 in the upper crust (0^
15 km depth), 0.6 WW/m3 in the lower crust (15^
30 km depth), and 0.02 WW/m3 in the mantle.
These models ignore the local e¡ects of advective
heat transport to the arc through magmatism. As
investigation of the thermal and petrological
states of a given £at slab is the primary objective
of this study, a kinematic model with prescribed
slab geometry and velocity is adequate; the dy-
namics of how the slab becomes £at is not con-
sidered. Following Peacock and Wang [15], and
many other authors, corner £ow in the mantle
wedge is simulated using an analytical solution
[16] ; this corner £ow is driven by the subducting
plate. Using a £uid dynamics model with a tem-
perature- and stress-dependent viscosity for the
mantle wedge will lead to a higher temperature
in the wedge, and hence also in the deeper, dip-
ping segment of the slab, but will have little e¡ect
on the £at segment of the slab.
The three variable input parameters for the

model are: the plate geometry, the age of the
subducting lithosphere, and the plate convergence
velocity. Steady-state models are used due to the
lack of precise constraints on temporal variations
of these primary input parameters. Three di¡erent
slab geometries are modelled: (a) steep or normal
subduction (dip V45‡) that serves as a proxy for
pre-Laramide long-term (150^80 Ma; [17] ; Fig.
2A) subduction beneath the Sierra Nevadan arc,
(b) £at subduction where the £at-slab segment
occurs at the base of a 60 km thick upper plate
lithosphere (Fig. 2B^E), and (c) £at subduction
where the £at-slab segment occurs at the base of
a 90 km thick upper plate lithosphere (Fig. 2F).
The £at slab extends a distance of 550 km inboard
of the trench in order to test the possibility of arc
magma generation at abnormal distances from
the trench.
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Arc magmatism occurs when water released
from a dehydrating slab at depths of 60^120 km
induces partial melting of the overlying mantle
wedge at temperatures in excess of 1300‡C (e.g.
[18]). Hence, two conditions are necessary in or-
der to produce arc magmatism: (a) the presence
of an asthenospheric wedge at temperatures in
excess of 1300‡C, and (b) the presence of a dehy-
drating slab. In a £at-slab subduction setting, a
transient tongue of asthenosphere can exist above
the subhorizontal oceanic crust allowing magma-
tism to migrate inboard during the steep- to £at-
slab transition [19]. It takes V5^20 Myr for a
subduction zone to reach thermal steady state
[20], during which this asthenospheric tongue
will cool, retreat and disappear. Hence, inboard
magmatism above this asthenospheric tongue is
short-lived (e.g. V4 Myr in Sierra Pampeanas,
Argentina [19]), and many modern £at-slab seg-
ments are characterised by volcanic gaps (e.g. cen-
tral Chile, Peru [21]).
The P^T path followed by the top of the sub-

ducting oceanic crust can be plotted on a phase
diagram for basalt in order to constrain where
various dehydration reactions occur. At the blue-
schist^eclogite transition for example, hydrous
minerals such as glaucophane in the oceanic crust
break down to form an anhydrous assemblage of
garnet and omphacite ([22] ; Fig. 3). Schmidt and
Poli [18] indicated that some hydrous minerals
such as lawsonite and chloritoid might remain
stable after the disappearance of amphibole until
temperatures of V700^750‡C are attained for
depths less than 150 km. In short, it appears
that the subducting oceanic lithosphere becomes
largely anhydrous once it has been heated above
600^700‡C. If the subducting slab is heated to
these temperatures before penetrating the asthe-
nospheric wedge, little or no arc magmatism is
predicted. This may be the case in modern sub-
duction settings where volcanic gaps are associ-

ated with zones of £at-slab subduction (e.g.
[19,21]). Hydrated peridotites in the subducting
slab may also transport water down beneath the
mantle wedge and contribute to arc magma gen-
eration (e.g. [18,23]. Phase diagrams for hydrated
peridotites indicate that between V1 and 3 GPa,
serpentine minerals such as antigorite are stable
until V700^720‡C [23] and V1 wt% H2O re-
mains until temperatures of V850‡C are attained
[18].

3. Model results

Six thermal models are displayed for a constant
convergence velocity; only slab age, slab geome-
try and shear heating along the subduction inter-
face are varied (Fig. 2). The ¢rst thermal model
represents pre-Laramide normal subduction be-
neath the Sierra Nevadan arc (dip V45‡; Fig.
2A). The calculated P^T paths for this slab
(Fig. 3) indicate that dehydration reactions such
as the breakdown of chloritoid occur beneath the
core of the overlying asthenospheric wedge at
depths in excess of 100 km. In this scenario, par-
tial melting within the overlying wedge would
produce abundant calc-alkaline arc magmatism,
analogous to modern magmatism in NE Japan
[15].
For £at-slab subduction beneath a 60 km thick

upper plate lithosphere, the e¡ects of slab age and
shear heating are investigated (Fig. 2B^E). A
warm £at-slab subduction zone is produced by a
young subducting plate (Fig. 2B). Most of the
water is driven o¡ at shallow depths and the sub-
ducting slab is largely anhydrous when it begins
to descend into the asthenosphere (Fig. 3). How-
ever, a cold £at-slab subduction zone is produced
by the subduction of an old, cold oceanic plate
(Fig. 2C), and by high trench-normal convergence
velocities. In this case, the slab remains hydrated

6

Fig. 2. Thermal structure of subduction zones with a convergence velocity of 5 cm/yr. (A) Geometry of a pre-Laramide normal
subduction zone. (B) 10 Myr £at slab at 60 km depth with no shear heating. (C) 50 Myr £at slab at 60 km depth with no shear
heating. (D) 10 Myr £at slab at 60 km depth with shear heating. (E) 50 Myr £at slab at 60 km depth with shear heating. (F) 50
Myr £at slab at 90 km depth with no shear heating. Note that subduction of young oceanic lithosphere results in slab dehydra-
tion prior to its descent into the asthenosphere.
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until it begins to penetrate the asthenosphere
600 km from the trench, although dehydration
occurs more rapidly and at shallower depths
than in normal subduction zones (such as Fig.
2A). A shallower dehydration depth does not nec-
essarily prevent arc volcanism. For example, fee-
ble arc volcanism occurs in SW Japan even
though thermal models indicate dehydration at

shallow depths in the subduction zone [15]. We
can conclude however that inboard (V600 km)
arc magma generation is not predicted for warm
subduction zones and is di⁄cult at best for cold
subduction zones. In the cold subduction zone
models, temperatures in the mantle wedge above
the zone of slab dehydration are perhaps too low
to result in partial melting, but there are su⁄cient

Fig. 3. P^T diagram showing the P^T paths of oceanic crust. (A) Metamorphic facies and partial melting curves for basaltic
compositions from Peacock and Wang [15] and references therein, and hydrous minerals stable in the eclogite ¢eld from Schmidt
and Poli [18]. Eclogite ¢eld is shown in grey. (B) P^T paths of oceanic crust for various £at-slab subduction zones shown in
Fig. 2. P^T ranges of the Farallon lawsonite eclogite xenoliths from Usui et al. [9] shown in stippled pattern. Note the early-
stage dehydration of the young oceanic plates.
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uncertainties in the modelling of mantle wedge
dynamics that this point is inconclusive. If fric-
tional heating along the subduction interface,
and/or a non-linear mantle wedge rheology are
used in these models (e.g. [24]), the mantle wedge
and subducting slab will be hotter, such that slab
dehydration will occur at shallower depths, and
inboard arc magma generation becomes more un-
likely.
If stress coupling of the upper and lower plates

was the driving mechanism for inboard deforma-
tion during the Laramide orogeny, the e¡ect of
shear heating along this interface must be consid-
ered. Shear heating along the subduction interface
provides an additional source of heat and results
in warming of the subducting slab, thus increasing
the window during which slab dehydration could
occur prior to its descent into the asthenosphere
(Figs. 2D,E and 3). A constant shear stress of 15
MPa is applied along the subduction interface
down to the end of the £at-slab segment; realistic
values may be lower for these depths and temper-
atures as shear stresses in the shallow portions of
modern, normal subduction zones are estimated
to lie in the range of 10^30 MPa [20]. In this
scenario, calc-alkaline magmatism is prohibited
by the premature dehydration of the slab during
subduction of a young oceanic plate (Fig. 3). In
addition to shear heating, thermal erosion of the
base of the cold subducting oceanic lithosphere
and radiogenic heat production in the oceanic
crust may further push the thermal structure of
the subduction zone towards a warmer end-mem-
ber.
The e¡ects of variations in the depth to the £at-

slab segment are also investigated (Fig. 2F). The
temperature variations along the upper surface of
an oceanic plate descending to a £at-slab segment
at a depth of 90 km are similar to those for the 60
km example (Fig. 3). However, the di¡erence in
pressure between these two subduction geometries
may have a signi¢cant e¡ect on the stability of
various hydrous minerals. For example, amphi-
bole is only stable in the oceanic crust at depths
less than V75^80 km (Fig. 3). Therefore, when
the £at-slab segment occurs at a depth of 90 km
(Fig. 2F), only hydrous minerals such as lawson-
ite and chloritoid will be stable in the oceanic

crust (Fig. 3), and most of the slab dehydration
will take place within V200 km of the trench.
The trench-normal convergence velocity and

the age of the subducting slab also have a ¢rst-
order in£uence on the thermal structure of the
subduction zone. In a model with a constant sub-
duction geometry, the temperature of the subduct-
ing slab changes with various combinations of
trench-normal convergence velocity and slab age
(Fig. 4). The temperature at the top of the sub-
ducting crust is calculated at the end of the £at-
slab segment before it begins to descend into the
asthenosphere (stars in Fig. 2B^F). As the pres-
sure remains constant at these ¢xed points, phase
transitions are solely a function of temperature
(Fig. 4). For young slabs and low convergence
rates, the slab will have reached temperatures in
excess of 600‡C by the end of the £at-slab seg-
ment, and hence, rare or no arc magmatism is
predicted. For slab ages greater than 50 Myr,
the oceanic crust will still be relatively cold
(V400‡C) at the end of the £at-slab segment
over a large range of trench-normal convergence
velocities. In other words, inboard (s 600 km)
arc magmatism is not predicted to occur during
£at-slab subduction of a young (6 20 Myr) oce-
anic plate (Fig. 4A). If there is signi¢cant shear
heating (15 MPa) along the subduction interface,
inboard arc magmatism is problematic for sub-
ducting plates younger than V40 Myr (Fig.
4B). In both of these scenarios, the rapid burn-
up of the subducting slab after passing through a
£at-slab segment may also inhibit arc magmatism,
even for old (s 40 Myr) slabs, as most of the
dehydration occurs at much shallower levels in
the mantle wedge than for a normal subduction
zone (Figs. 2 and 3).
As stated above, the depth to the £at-slab seg-

ment has a primary control on the stability of
hydrous minerals within the subducting plate.
The water content of oceanic crust is signi¢cantly
lower (6 1%) when the £at-slab segment is at 90
km depth (as opposed to 60 km), and amphibole
is no longer stable. In this scenario, variations in
the convergence velocity and slab age are less im-
portant factors when assessing slab dehydration.
Either way, warm subduction zones produced by
£at-slab subduction of young oceanic lithosphere
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and by low convergence velocities will be charac-
terised by premature slab dehydration and the
absence of a calc-alkaline arc.
Finally, the e¡ect of di¡erent extents of £at-

slab subduction is investigated (Fig. 5). For great-
er trench^wedge distances, the subducting slab
will have a longer time to heat up and dehydrate
prior to its descent into the asthenosphere. Con-
versely, a decrease in the trench^wedge distance
(with normal/steep subduction being the end-
member) moves the subduction zone towards a
cooler thermal structure. As a result, normal/steep
subduction will always produce partial melting in
the asthenospheric wedge and, hence, calc-alka-
line arc magmatism. The longer the £at-slab seg-
ment, the less likely it is that arc magmatism will
occur anywhere above the subducting slab.
On the basis of the thermal models presented

here, four conclusions may be drawn: (1) warm
£at-slab subduction zones produced by the sub-
duction of young oceanic lithosphere are charac-
terised by slab dehydration prior to its penetra-
tion of the asthenosphere, (2) a cold £at-slab
subduction zone produced by the subduction of
old oceanic lithosphere and by high trench-
normal convergence velocities can delay dehydra-
tion of the subducting slab, although inboard
(s 600 km) arc magma generation remains prob-
lematic, (3) the water content of oceanic crust
signi¢cantly decreases (to 6 1%) once the £at
slab drops below 80 km depth, as amphibole
and chlorite are no longer stable in the subducting
oceanic crust, and (4) as the trench^wedge dis-
tance is increased, the subducting slab has a lon-
ger time to heat up and dehydrate prior to its
descent into the asthenosphere.

6

Fig. 4. Graphs showing the change in temperature of the
oceanic crust at the end of the £at-slab segment (stars in
Figs. 2B^F) for various combinations of convergence velocity
and slab age. (A) Flat-slab segment at 60 km depth with no
shear heating. (B) Flat-slab segment at 60 km depth with
shear heating. (C) Flat-slab segment at 90 km depth with no
shear heating. Due to a di¡erence in pressure, the metamor-
phic assemblages present in the 90 km deep £at-slab segment
are di¡erent from those in the 60 km deep £at-slab segment.
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4. Discussion

Arc magmatism ceased in the Peninsular
Ranges and Sierra Nevadan batholiths in the
western USA at around 90 and 80 Ma respec-
tively (e.g. [3] ; Fig. 1); it has been suggested
that this region formed a broad, refrigerated fore-
arc during Laramide £at-slab subduction [25].
During this time, the zone of active magmatism
is inferred to have swept inboard to Idaho/south-
western Montana and the Colorado Mineral Belt
(e.g. [1,3] ; Fig. 1) and to have eventually ceased
during the Palaeocene magmatic gap [4]. Stress
coupling of the lower plate to the upper plate
has been proposed as a mechanism to drive Lar-
amide deformation in the foreland. Bird [8] pro-
posed that the subhorizontal subducting plate dis-
placed the mantle lithosphere from beneath the
USA Cordillera, and transmitted shear stress
into the foreland region. However, isotopic data
(e.g. [26]) and mantle xenolith studies have indi-
cated that lithospheric mantle persisted beneath
the USA Cordillera throughout Laramide time
to depths of 45^60 km beneath the Sierra Nevada
[27] and V120 km beneath the Colorado Plateau
[28]. Saleeby [29] incorporated these new datasets
and proposed that the £at slab was segmented,
that the shallow segment was approximately
500 km in width along the plate edge (Fig. 1),

and that the classic Laramide basement-cored up-
lifts are concentrated in a northeast-trending cor-
ridor; this corridor is de¢ned by the trajectory of
this shallow segment of the Farallon slab relative
to the North American plate when viewed on a
pre-Neogene palinspastic map. These basement-
cored uplifts have been compared with similar
structures in the Sierra Pampeanas in Argentina
[30], where deformation has been linked to a pe-
riod of £at-slab subduction [31]. Alternatively, as
these basement-cored uplifts are situated east and
northeast of the Colorado Plateau (Fig. 1), it is
possible that once the western side of this rigid
block encountered the deformation front, stresses
were transmitted through it and into the foreland
[32].
As stated above, inboard Laramide-age mag-

matism occurred in Idaho/southwestern Montana
and in the Colorado Mineral Belt. Tonalitic and
quartz-dioritic arc magmatism in the Idaho^Bit-
terroot batholith continued until V70 Ma (e.g.
[33,34] ; Fig. 1), and eastward migration was mi-
nor compared to the southwestern USA. The in-
board location of the Idaho batholith arc magma-
tism has been explained by a palaeo-embayment
in the continental margin known as the Columbia
Embayment (e.g. [35] ; Fig. 1), and therefore a
reduction in the trench^wedge distance. This em-
bayment may help to account for arc magmatism
in Idaho if the plate convergence is trench-nor-
mal. However, given that: (a) the older portion
of the Sierra Nevadan batholithic belt can be
traced into the Klamath mountains in southern
Oregon (e.g. [17] ; Fig. 1), thereby restricting the
extent of this palaeo-embayment to between cen-
tral Oregon and central Washington, and (b) dex-
tral shearing in the Sierra Nevada batholith from
V90 to 80 Ma (e.g. [36]) indicates that conver-
gence was not trench-normal, the Columbia Em-
bayment explanation appears to be insu⁄cient to
solely account for the inboard location of arc
magmatism in Idaho during the Late Cretaceous.
Given that pre-Laramide arc batholiths elsewhere
in the North American Cordillera occur within
V300 km of the trench (Fig. 1), it seems plausible
that the inboard location of the Idaho batholith
may be an artifact produced by Laramide and
post-Laramide dextral transpression. Latest Cre-

Fig. 5. Graphs showing the change in temperature of the
oceanic crust at the end of the £at-slab segment for di¡erent
lengths of that segment. The greater the length of the £at-
slab segment, the higher the temperature of the oceanic crust
at the end of that segment, and vice versa.
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taceous to Palaeocene plutons in eastern Idaho
and southwestern Montana are typically musco-
vite^biotite granites and were derived from lower
crustal partial melting (e.g. [3,33]).
Magmatism in the Colorado Mineral Belt (75^

60 Ma) occurred over 1000 km from the trench
and has been attributed to £at-slab subduction of
the Farallon plate (e.g. [3] ; Fig. 1), although such
an origin has been contested [37]. This northeast-
trending belt of magmatism was predominantly
intermediate in composition, and produced andes-
itic volcanic rocks, and granodiorite, monzonite
and syenite hypabyssal intrusions (e.g. [3]). On
the basis of the thermal models presented here,
a cold subduction zone produced by the subduc-
tion of old oceanic lithosphere and by high
trench-normal convergence velocities can delay
dehydration of the subducting slab, although
most of the dehydration occurs at much shallower
levels than for a normal subduction zone (Fig. 2).
Inboard arc magmatism under these conditions is
not completely ruled out by the simple thermal
models presented here, however, attribution of
magmatism in the Colorado Mineral Belt to slab
dehydration and partial melting of the mantle
wedge remains problematic. It seems unrealistic
that devolatilisation of the £at slab produced
magmatism s 1000 km from the trench in the
Colorado Mineral Belt given that: (1) the high
trench^wedge distance allows a greater duration
for the slab to heat up, and (2) P^T constraints
from eclogitic xenoliths indicate that the Farallon
slab was at a depth of 90^160 km (3^5 GPa) be-
neath the Colorado Plateau ([9] ; deeper than
V120 km on the basis of mantle xenolith studies
[28]) resulting in premature dehydration of am-
phibole and chlorite in the subducting oceanic
crust.
Oligocene kimberlite-like serpentine microbrec-

cia pipes in the Four Corners region of the Col-
orado Plateau contain eclogitic xenoliths that are
believed to derive from the subducted Farallon
plate (e.g. [9,38]). P^T constraints from these law-
sonite eclogite xenoliths described by Usui et al.
[9] indicate that the Farallon slab was in pressure
and temperature ranges of 3^5 GPa and 500^
700‡C respectively (Fig. 3). This indicates that
the Laramide £at-slab subduction zone was char-

acterised by a cold thermal regime. Such a ther-
mal regime can be produced by high trench-nor-
mal convergence velocities and subduction of an
old, cold oceanic plate (Fig. 4) ; subduction of
young (e.g. 10 Myr) oceanic lithosphere will not
produce lawsonite-bearing eclogites (Fig. 3).
These conditions are consistent with existing plate
reconstruction models [10,11] that estimate aver-
age trench-normal convergence velocities of the
Farallon and North American plates at 10^15
cm/yr during Laramide time. Engebretson et al.
[10,39] estimated the age of the subducting Far-
allon plate to be between 150 and 50 Myr at this
time, although poor constraints on the location of
the Kula^Farallon spreading centre introduces a
large degree of uncertainty. If there was an old
(V50^100 Myr) slab subducting beneath the
North American plate in Laramide time, negative
buoyancy may have inhibited £at-slab subduc-
tion; oceanic crust becomes negatively buoyant
after 10 Myr [40]. An older £at slab would there-
fore require that the North American plate ac-
tively overrode the palaeo-Paci¢c plates at a rate
exceeding the rollback of the hinge of the dense
subducting oceanic plate (e.g. [41,42]). However,
modern zones of shallow/£at-slab subduction
have formed in response to: (1) the subduction
of buoyant aseismic ridges or young oceanic lith-
osphere (e.g. central Chile [21]), or (2) the curva-
ture of the convergent margin itself (e.g. Cascadia
[43]). Thus extensive £at-slab subduction of 50^
100 Myr regular oceanic lithosphere seems un-
likely, and is not supported by modern analogues.
This problem may be overcome if a buoyant oce-
anic plateau/aseismic ridge was subducting be-
neath the western USA during Laramide time
(e.g. [28,44,45]).
Laramide-age deformation extended outside the

USA, southwards into the Sierra Madre Oriental
of east-central Mexico (e.g. [46,47]), and north-
wards into the Rocky, Northern Rocky and
Mackenzie Mountains of Canada (e.g. [48,49] ;
Fig. 1); this deformational belt is believed to
have developed approximately 1000 km inboard
of the nearest convergent margin along much of
its length. The extent of the Laramide orogeny
indicates that this inboard deformation occurred
irrespective of which oceanic plate (i.e. Kula or
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Farallon) was subducting beneath western North
America. In Canada, the locus of arc magmatism
in the Coast Belt migrated eastwards by V100
km during Laramide time (e.g. [50,51] ; Fig. 1),
although it remained within 300 km of the west-
ern convergent margin. This eastward migration
of arc magmatism may be attributable to a shal-
lowing of slab dip, increased convergence veloc-
ities, or tectonic erosion of the forearc. However,
one certain point is that the subducting oceanic
plate descended into the asthenosphere beneath
the Coast Belt and did not extend eastwards as
a £at slab at the base of upper plate lithosphere as
has been proposed further south in the USA. A
similar conclusion may be drawn for the Mexican
portion of the Laramide orogen, where arc mag-
matism continued in the Sierra Occidental (e.g.
[52]) while deformation occurred V400 km to
the east in the Sierra Oriental ([47,53] ; Fig. 1).
Therefore, £at-slab subduction cannot explain
the localisation and inboard nature of the Lara-
mide-age fold and thrust belt along its entire
length.
Another mechanism for driving far-¢eld strain

in the foreland region is the ‘orogenic £oat’ con-
cept proposed by Oldow et al. [54]. In this model,
faults in the foreland are linked to a collision zone
at the plate boundary by a major deep crustal
detachment; this concept has been used to relate
current deformation in the Mackenzie Mountains
to collision of the Yakutat block in southeastern
Alaska [55]. However, no crustal blocks are
known to have accreted to the western margin
of the Cordillera during Laramide time. The lo-
calisation of deformation in the foreland of the
Canadian Cordillera may be explained by Cordil-
leran backthrusting (intracontinental subduction),
during which thrust faulting is antithetic with re-
spect to subduction at the plate margin (e.g. [48]).
Alternatively, Laramide-age dextral transpression
[56] may in some way be linked to wholesale
northward translation of much of the Canadian
and Alaskan Cordillera [57], as is suggested by
palaeomagnetic studies (e.g. [58^60]). Either
way, Laramide-age deformation in the North
American Cordillera requires a mechanism capa-
ble of causing orogenesis along the entire western
margin of the continent.

5. Conclusions

The thermal models presented here indicate
that: (1) warm £at-slab subduction zones pro-
duced by the subduction of young oceanic litho-
sphere are characterised by slab dehydration prior
to penetration of the asthenosphere, (2) cold £at-
slab subduction zones produced by the subduc-
tion of old oceanic lithosphere and high trench-
normal convergence velocities can delay dehydra-
tion of the subducting slab, although inboard
(s 600 km) arc magma generation remains prob-
lematic, (3) the water content of oceanic crust
signi¢cantly decreases (to 6 1%) once the £at
slab drops below 80 km depth as amphibole and
chlorite are no longer stable in the subducting
oceanic crust, and (4) as the trench^wedge dis-
tance is increased, the subducting slab has a lon-
ger time to heat up and dehydrate prior to its
descent into the asthenosphere.
Hence, these thermal models indicate that arc

magma generation at signi¢cant distances inboard
from the trench (s 600 km; s 1000 km in the
case of the Colorado Mineral Belt) during £at-
slab subduction is problematic ; this conclusion
is consistent with the coincidence of volcanic
gaps and £at-slab subduction at modern conver-
gent margins. Lawsonite eclogite xenoliths
erupted through the Colorado Plateau in Oligo-
cene time are inferred to originate from the sub-
ducted Farallon slab, and indicate that the Lara-
mide £at-slab subduction zone was characterised
by a cold thermal regime. Thermal modelling in-
dicates that this regime can be produced by £at-
slab subduction of old (sV50 Myr) oceanic lith-
osphere at high trench-normal convergence rates.
In the Canadian and Mexican portions of the
Laramide, the coeval development of a magmatic
arc within 300 km of the trench refutes the exis-
tence of £at-slab subduction in these regions. It is
proposed that subduction of an oceanic plateau/
aseismic ridge may have overcome the negative
buoyancy inherent in old oceanic lithosphere
and resulted in a spatially restricted zone of £at-
slab subduction in the USA. These ¢ndings cast
doubt on the £at-slab model as a primary means
of driving Laramide orogenesis along its entire
length, and instead point to the need for an alter-
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native mechanism for Cordilleran-wide Laramide
orogenesis.
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