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1. Introduction

Kimberlites, and to a lesser extent lamproites, are the main host
materials for economic diamond deposits. In cool cratonic lithosphere,
diamonds form at depths greater than 140 km and are transported
rapidly to the surface through entrainment by kimberlite and
lamproite magmas. The origin of this magmatism and its interaction
with cratonic lithosphere is therefore the key to understanding the
emplacement of diamond-bearing kimberlites.

Kimberlites (used here to include lamproites when appropriate)
generally occur in continental interiors far from platemargins, making
their relationship to plate tectonic processes enigmatic. Proposed
models for kimberlite genesis include mantle plumes (e.g., Crough
et al., 1980), continental extension (e.g., Phipps, 1988) and melts
originating in the mantle transition zone or deeper (e.g., Ringwood
et al., 1992; Torsvik et al., 2010). An alternative mechanism,
potentially applicable to a limited subset of kimberlite events, invokes
a relationship between kimberlite magmatism and lithospheric
subduction, in which fluids released by prograde metamorphism of
the subducting plate trigger partial melting of the overlying material to
form kimberlite magma (Helmstaedt and Gurney, 1997; McCandless,
1999).
The latter mechanism has been used to relate Cretaceous
kimberlites of the Western Interior of North America to Farallon
plate subduction (McCandless, 1999; McCandless and Tosdal, 2005).
These kimberlites were emplaced in a kimberlite corridor (KC) along
the western edge of the Proterozoic and Archean basement
comprising cratonic North America (Fig. 1), 1000–1500 km inboard
of, and parallel to, the Cretaceous subduction margin. The main
emplacement phase occurred from ca. 105 to ca. 45 Ma (Heaman
et al., 2003), primarily in the Late Cretaceous, followed by sporadic
lamproites and related volcanics in the western U.S. (Table 1). It is
significant that kimberlite locations within KC do not correspond to
known mantle plume hotspot tracks (Heaman et al., 2003) and
specifically lie outside regions of upwelling from the deep mantle
(Torsvik et al., 2010).

The later stages of KC magmatism temporally overlap with the
Laramide orogeny (ca. 80–50 Ma), which produced widespread
deformation of western North America. This orogeny has been
attributed to a decrease in Farallon subduction angle and associated
enhanced mechanical coupling along the plate interface (e.g., Bird,
1988; Dickinson and Snyder, 1978). Shallow angle subduction may
have also produced extensive hydration of the western North
American lithosphere (e.g., Humphreys et al., 2003).

In this study, we investigate the subduction hypothesis for KC
kimberlites by: 1) presenting evidence that the Farallon plate
was suitably positioned beneath North America as early as
100 Ma, 2) developing a numerical model of low-angle subduction,
and 3) using the model to assess the potential for subduction-related
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Fig. 1. Distribution of kimberlites, lamproites and related volcanics (ages in Table 1).
Red symbols indicate Cretaceous emplacement ages; open symbols are Cenozoic ages.
Shaded grey region shows the range in position of the Late Cretaceous platemargin. The
Juan de Fuca plate (JDF) is the remaining fragment of the Farallon plate. The Birch
Mountains kimberlites are the most northern site that may be related to low-angle
Farallon plate subduction. Further work is needed to assess a subduction source for the
Slave Craton kimberlites.
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volatiles in kimberlite magma genesis. We focus on Cretaceous and
early Cenozoic kimberlites; later (b45 Ma) kimberlites coincide with
widespread volcanism in the western U.S. that has been linked with
rapid removal of the low-angle Farallon plate (Humphreys et al.,
2003).

2. Farallon plate geometry inferred from dynamical subsidence of
the Western Interior

We first consider the evolving position of the Farallon plate
beneath North America. Dynamical subsidence of the Earth's surface
provides a proxy for the reconstruction of subducting plate geometry
(e.g., Mitrovica et al., 1989). Mantle flow associated with subduction
induces a dynamic load on the overlying continent, and the spatial
wavelength of the resulting surface subsidence is related to the dip of
the subducting plate; long wavelengths reflect low-angle subduction.

For western North America, sedimentation records document the
Cretaceous development of the Western Interior Seaway (WIS)
through westward tilting of the continent (e.g., Cross and Pilger,
1978; DeCelles, 2004; Smith et al., 1994) (Fig. 2). Initial Aptian
(~120 Ma) marine inundation formed an elongate north–south
seaway opening to the Arctic Ocean. This connected to the Gulf of
Mexico later in the Albian (~105 Ma), and at its widest, the WIS
expanded as far east as the present-day Lake Superior. The seaway
persisted, with the last record of marine sedimentation at the end of
the Cretaceous. The width of the WIS, which spans the KC, is too large
to have been solely foreland flexure caused by orogenic loading (e.g.,
Liu and Nummedal, 2004). The WIS was already wide as early as the
Albian (Fig. 2). Such broad subsidence over wavelengths of ~1500 km
requires dynamical loading attributable to low-angle or flat-slab
subduction of the Farallon plate (Burgess et al., 1997; Mitrovica et al.,
1989).

This conclusion is supported by inverse mantle convection models
that calculate the planform dynamical subsidence of North America
since 100 Ma (Liu et al., 2008; Spasojevic et al., 2009) based on
backward calculation (retrodiction) of the trajectory of the Farallon
plate from its current location below eastern North America (e.g.,
Bunge and Grand, 2000; Sigloch et al., 2008). Despite uncertainties in
variables such as eustatic sea level, this analysis confirms a wide
region of low-angle Farallon plate subduction belowmuch of western
North America. By 100 Ma, low-angle subduction was in place as far
north as ~60° N. This evolved into a limited region of flat slab
subduction in thewestern United States starting at ~90 Ma, fringed by
a 1000 km wide area of low-angle subduction to the north and east.
Specifically, “at 100 Ma the slab [was] shallow dipping but not flat
lying. Slab flattening [started] at about 90 Ma” (Liu et al., 2008). This
reconstruction places the Farallon plate beneath the westward-
drifting North American plate at the time of KC magmatism.

The WIS subsidence observations indicate an earlier onset of low-
angle subduction that affected a wider region than previously inferred
from studies of Laramide tectonics (e.g., Dickinson and Snyder, 1978).
Conventional interpretations cite cessation of Sierra Nevada arc
magmatism at ~80 Ma and subsequent eastward migration of
magmatism as indicators of shallowing subduction below the
southwestern U.S. part of the Farallon plate margin (e.g., Coney and
Reynolds, 1977), implying normal subduction before this time. The
Campanian (80 Ma) arc shut-down lags the minimum Cenomanian
age inferred for the onset of dynamical subsidence (Liu and
Nummedal, 2004; Liu et al., 2008; Spasojevic et al., 2009) by 20 Ma.

The subsidence data provide evidence that dynamical loading
affected a region well inboard of the Sierran arc, an indicator of
shallow angle subduction, whereas the persistence of arc magmatism
indicates the presence of a mantle wedge until 80 Ma. However,
neither observation allows the plate position to be reconstructed
accurately. This dichotomy could, for example, be resolved if, at
~100 Ma, the dip of the Farallon plate was steep enough near the
subduction zone to allow the hot mantle wedge to persist and arc
magmatism to continue, but the dip decreased to the east, thereby
causing dynamical subsidence. This proposed geometry would also be
consistent with westward motion of North America as the Atlantic
opened, such that the Farallon plate was overridden by North America
at a rate that exceeded its sinking velocity. Only later, at the onset of
the Laramide orogeny, did the near-trench subduction geometry
become shallow. With the final removal of hot mantle wedge in this
area, the Sierran Arc was extinguished and Laramide-style deforma-
tion initiated through enhanced mechanical coupling with the
Farallon plate. Although this proposed evolution cannot be tested,
we conclude that there is evidence that there was an early onset of
low angle subduction, sufficient that it should not be dismissed.
3. Testing the subduction hypothesis for kimberlites

We employ two-dimensional, plane-strain dynamical numerical
models to examine the development of low-angle subduction and test
the “Farallon hydration” hypothesis for the overlying North American
lithosphere (Humphreys et al., 2003). Our goal is to study the first order
characteristics of low-angle subduction in a situation that is analogous to
western North America but without details that are specific to this case.
The model parameterization is therefore purposefully parsimonious. For
example, we use a simplified structure for the oceanic and continental
lithospheres and theplate velocities specified at themodel boundaries are
constantwith time. Furthermore, themodel domain is a two-dimensional
vertical cross-section, which allows for a detailed examination of across-



Table 1
Cretaceous to recent kimberlites, lamproites and related volcanics.

State/province Volcanic field Type Age (Ma) Reference

Kimberlites and lamproites
NWT Ekati Kimberlite 75–45 Heaman et al. (2004)

Diavik Kimberlite 56–55 Heaman et al. (2004)
Hardy Lake Kimberlite 73–71 Heaman et al. (2004)

AB Mountain Lake Kimberlite 79–72 Heaman et al., 2004; Eccles et al., 2004
Kimberlite 68 Heaman et al. (2004)

Birch Mountains Kimberlite 79–70 Heaman et al. (2004)
Buffalo Head Hills Kimberlite 99–92 Eccles et al. (2008)

Kimberlite 88–86 Heaman et al. (2004)
SK Fort a la Corne Kimberlite 104–101 Heaman et al. (2004)

Kimberlite 95 Heaman et al. (2004)
Sturgeon Lake Kimberlite 98±1 Heaman et al. (2004)
Candle Lake Kimberlite ?

MT Highwood Mountains Lamproite 54–50 Irving and Hearn (2003)
Homestead Kimberlite 51–50 Irving and Hearn (2003)
Bear Gulch Lamproite 49–48 Irving and Hearn (2003)
Williams Kimberlite 48±2.5 Heaman et al. (2004)
Smoky Butte Lamproite 27.6 Irving and Hearn (2003)

WY Leucite Hills Lamproite 3.0–0.89 Irving and Hearn (2003)
CO Middle Park Lamproite 33±0.8 Thompson et al. (1997)
UT Francis Lamproite 35–41 Wannamaker et al., 2000; Irving and Hearn, 2003

Robbers Roost Lamproite 22 Wannamaker et al. (2000)
White's Creek Lamproite 13.9 Irving and Hearn (2003)

KS Stockdale Kimberlite 112±6 Heaman et al. (2004)
Leonardville/Bala Kimberlite 104±4 Griffin et al. (2004)
Winkler Kimberlite 95±6 Heaman et al. (2004)
Ross Dome Lamproite 91–88 Cullers et al. (1996)

AR Prairie Creek Lamproite 106±3 Griffin et al. (2004)

Related volcanics
AB Milk River Minette 52–49 Buhlmann et al. (2000)
MT Elkhorn Mountains Lamprophyre 78–73 Irving and Hearn (2003)

Little Belt Mountains Minette 58–44 Irving and Hearn (2003)
Bearpaw Mountains Minette 54–50 O'Brien et al., 1995; Irving and Hearn, 2003
Sweetgrass Hills Minette 54–50 O'Brien et al., 1995; Irving and Hearn, 2003
Crazy Mountains Minette 53–48 O'Brien et al., 1995; Irving and Hearn, 2003
Zortman dike Alnöite 52 Irving and Hearn (2003)
Castle Mountains Minette 52–47 Irving and Hearn (2003)
Eagle Buttes Minette 52–50 O'Brien et al., 1995; Irving and Hearn, 2003
Ricker Butte Alnöite 51 Irving and Hearn (2003)
Winnett Sill Alnöite 50 O'Brien et al. (1995)
Porcupine Dome Carbonatite ~50 Irving and Hearn (2003)
Black Hills–Bear Lodge Mountains Minette/carbonatite 50–48 Irving and Hearn (2003)
Haystack Butte Melnoite 47.9 Irving and Hearn (2003)

WY Cedar Mountain Lamprophyre ~35 Irving and Hearn (2003)
Sage Creek Minette 22.2 Irving and Hearn (2003)

UT Mona Lamprophyre 23 Wannamaker et al. (2000)
Wasatch Plateau Lamprophyre 24–7 Wannamaker et al. (2000)

AZ/UT/CO/NM Navajo province Lamprophyre 28–19 Wannamaker et al. (2000)
TX Balcones Province Nephelinite 84–76 Phipps (1988); Griffin et al. (2009)
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margin structure but cannot provide information on the planform
variation of the North American and Farallon plates.

3.1. Model geometry

The initial model geometry is shown in Fig. 3. The continental plate
is divided into two regions to represent the general structure of
western North America: (1) “Phanerozoic” lithosphere adjacent to the
plate margin with a total thickness of 120 km, and (2) inboard
“craton” lithosphere of 200 km total thickness. The 90 km thick
oceanic lithosphere is consistent with a N100 Ma Farallon plate age
(Engebretson et al., 1984). Previous studies have suggested that
subduction of thickened oceanic crust played a key role in the
development of low-angle subduction below North America and the
Laramide orogeny (Liu et al., 2010; Livacarri et al., 1981; Saleeby,
2003). As demonstrated below, subduction of a thick oceanic plateau
is not required for low-angle subduction and therefore we have not
included it in the model, but later we note its possible contribution to
dehydration reactions.
Plate convergence is imposed through assigned boundary velocities,
and subduction initiation is aided by a zone of rheologically weak
material (seed) at the boundary between the oceanic and continental
plates. This material is subducted with the oceanic plate and does not
affect subsequent model behavior. After subduction initiation, the
model evolves dynamically in response to boundary velocities and
internal buoyancy forces.

3.2. Governing equations

The thermal–mechanical evolution of the system is calculated
assuming plane strain, incompressibility, and zero Reynolds number.
Material deformation is governed by the equations of (1) conservation
of volume when incompressible (and mass when compressible during
metamorphic phase changes) and (2) force balance:

∂vj
∂xj

= 0 ð1Þ



Fig. 2. Distribution of theWestern Interior Seaway based on Smith et al. (1994) and the paleogeography maps of Ron Blakey, NAU Geology (http://jan.ucc.nau.edu/~rcb7/nam.html).
Also shown are the locations of kimberlites (diamonds), lamproites (circles), and related volcanics (squares) emplaced during the same time interval (ages in Ma). Present-day
geography is shown for reference; this has not been corrected for Cretaceous and Cenozoic deformation.
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∂σij

∂xi
+ ρg = 0 i; j = 1;2 ð2Þ

where xi,j are spatial coordinates, vi and vj are components of velocity,
ρ is density, and g is (vertical) gravitational acceleration. Repeated
indices imply summation. The associated stress tensor is:

σij = −Pδij + σ Vij = −Pδij + 2ηeff ε̇ij ð3Þ

where P is pressure (mean stress), σ ′ij is the deviatoric stress tensor,
ηeff is effective viscosity, δij is the Kronecker delta (1 for i=j and 0
otherwise), and the strain rate tensor is:

ε̇ij =
1
2

∂vi
∂xj

+
∂vj
∂xi

 !
ð4Þ
The temperature field is calculated using the energy balance equation:

ρcp
∂TK
∂t + vi

∂TK
∂xi

� �
= k

∂
∂xi

∂TK
∂xi

+ A + σ Vij ε̇ij + v2αgTKρ ð5Þ

where cp is specific heat, TK is the absolute temperature, t is time, k is
thermal conductivity, A is volumetric radioactive heat production, and
α is the volumetric thermal expansion coefficient. The last two terms
on the right-hand side correspond to strain heating, assuming all
dissipated mechanical energy is converted to heat (term 3), and the
temperature correction for adiabatic heating for vertical velocity v2
(term 4). The thermal field is coupled to the mechanical field through
the strain heating term, redistribution of radioactive heat-producing
materials by material flow, and the temperature-dependent density
and viscous rheology of model materials.

These equations are solved, subject to specified boundary conditions,
using Arbitrary Lagrangian–Eulerian finite element techniques (Fullsack,

http://jan.ucc.nau.edu/~rcb7/nam.html
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1995). Mechanical and thermal calculations are carried out on a Eulerian
grid that stretches vertically to conform to the upper model surface. The
Eulerian grid has 250 elements in the horizontal direction (10 kmwidth)
and 108 elements in the vertical direction, with 60 elements in the upper
180 km (3 km height) and 48 elements below (10 km height). Materials
are tracked on a Lagrangian mesh and additional Lagrangian tracer
particles that are advected with the model velocity field and are used to
update the Eulerian model material distribution.

3.3. Material properties

All materials have a viscous-plastic rheology. At deviatoric stress
below frictional-plastic yield, deformation is viscous, with an effective
viscosity (ηeff

v) given by:

η v
eff ¼

f
WS

B�� �
İ V2
� �ð1�nÞ=n

exp
Q + PV�

nRTK

� �
ð6Þ

where f is a scaling factor, WS is the strain-weakening factor, İ
0
2 is the

square root of the second invariant of the strain rate tensor

( İ
02
2 ¼ 1

2 ε̇ij ε̇ij), R is the gas constant (8.3145 J mol−1 K−1), and B*, n, Q

and V* are the pre-exponential viscosity parameter, stress exponent,
activation energy and activation volume from laboratory data. The
parameter B* includes a conversion from the uniaxial laboratory
experiments to the tensor invariant state of stress used in the models.

The scaling factor (f) allows the effective viscosity to be scaled
upward or downward to approximate strength variations owing to
changes in composition or volatile content relative to laboratory
samples. This also allows an investigation of model sensitivity to
variations in effective viscosity associated with uncertainties in the
laboratory-derived parameters (Beaumont et al., 2006). Furthermore,
all materials undergo viscous strain weakening (WS=25) over an
accumulated strain (I ′2) of 2 to 5, consistent with values used in
previous studies (e.g., Warren et al., 2008). Such viscous strain
weakening represents a combination of as yet poorly constrained
effects, including reaction weakening, grain size reductions, and the
effects of weakening by infiltrating hydrous and other fluids.

Frictional-plastic deformation is defined by a Drucker–Prager yield
criterion:

J02¼ P sinϕeff + c0 ð7Þ

where J ′2 is the square root of the second invariant of the deviatoric
stress tensor (J02

2 = 1
2σ

0
ijσ

0
ij), c0 is the cohesion, and ϕeff is the effective

internal angle of friction, which includes the effects of pore fluid
pressure according to Psinϕeff=P(1−λ)sinϕ, where λ is the pore
fluid pressure ratio and ϕ is the dry coefficient of internal friction.
Plastic deformation is modeled by defining an effective viscosity that
places the state of stress on yield (Fullsack, 1995; Willett, 1999). All
materials undergo frictional-plastic strain softening through a
decrease in ϕeff from 30° to 2° over accumulated strain (I ′2) of 0.5 to
1.5, as an approximation of material softening or an increase in pore
fluid pressure with increasing strain (Beaumont et al., 2006; Huismans
and Beaumont, 2003).

Table 2 gives the properties for the model materials. Viscous
rheologies used in the current models follow those of earlier studies
(Beaumont et al., 2006; Currie et al., 2008; Warren et al., 2008).
Mantle materials have a viscous rheology based on the wet olivine
flow law of Karato and Wu (1993). A scaling factor (f=10) is applied
to all oceanic and continental mantle lithosphere to approximate
strengthening resulting from dehydration and melt depletion during
lithosphere formation. The oceanic crust and lower continental crust
follow the Mackwell et al. (1998) flow law for dry Maryland diabase
(with f=0.1), and the upper-mid continental crust has a viscous
rheology based on wet quartzite (Gleason and Tullis, 1995) (with
f=5).

All materials have a thermal conductivity of 2.25Wm−1 K−1 below
1344 °C (i.e., within the lithosphere), which linearly increases to
52Wm−1 K−1 at 1376 °C. The high conductivity in the sublithospheric
mantle corresponds to scaling the thermal conductivity by the Nusselt
number of upper mantle convection. This maintains a nearly constant
basal temperature for the lithosphere and an adiabatic temperature

image of Fig.�3


Table 2
Material parameters used in the numerical models.

Cont. upper–mid crust Cont. lower crust Oceanic crust Cont. and oceanic mantle lithosphere Sublithospheric mantle

Plastic rheology
c0 (MPa) 2 0 0 0 0
ϕeff 30° to 2° 30° to 2° 30° to 2° 30° to 2° 30° to 2°

Viscous rheology
f 5 0.1 0.1 10 1
WS 25 25 25 25 –

A (Pa−n s−1) 1.10×10−28 5.05×10−28 5.05×10−28 3.91×10−15 3.91×10−15

B* (Pa s1/n)a 2.92×106 1.91×105 1.91×105 1.92×104 1.92×104

N 4.0 4.7 4.7 3.0 3.0
Q (kJ mol−1) 223 485 485 430 430
V* (cm3mol−1) 0 0 0 10 10

Thermal parameters
k (W m−1 K−1)b 2.25 2.25 2.25 2.25 2.25
A (μWm−3) 1.15 0.55 0 0 0
cp (J kg−1 K−1) 750 750 750 1250 1250

Density c

ρ0 (kg m−3) 2800 2900 2950 3250 3250
T0 (°C) 200 500 0 1344 1344
Eclogite ρ0 (kg m−3) – – 3300 –

Eclogite T0 (°C) 500
α (K−1) 3.0×10−5 3.0×10−5 3.0×10−5 3.0×10−5 3.0×10−5

a B*=(2(1−n)/n3− (n+1)/2n)A−1/n. The term in brackets converts the pre-exponential viscosity parameter from uniaxial laboratory experiments (A) to the tensor invariant state of
stress of the numerical models.

b Thermal conductivity at temperatures less than 1344 °C; at higher temperatures, thermal conductivity increases linearly from 2.25 Wm−1 K−1 at 1344 °C to 52.0 Wm−1 K−1 at
1376 °C.

c Density varies with temperature: ρ(T)=ρ0[1−α(T−T0)], where ρ0 is the reference density at temperature T0 and α is the volumetric thermal expansion coefficient.
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gradient in the sublithospheric mantle, without the need to explicitly
model upper mantle convection (Pysklywec and Beaumont, 2004).
Numerical models that use a constant thermal conductivity of 2.25 W
m−1 K−1 for all materials exhibit a similar evolution to those shown
below, but undergo enhanced secular cooling.

3.4. Boundary conditions and initial thermal structure

Thermal and mechanical boundary conditions are shown in Fig. 3.
Plate convergence is imposed through assigned velocities for the
oceanic (Vo) and continental (Vc) lithosphere at the side boundaries of
the model. Mass balance is maintained using a uniform outflux
through the side boundaries of the sublithospheric mantle. The
models are solved in the continental reference frame by adding
velocity Vc to all side boundaries. Temperatures of the oceanic and
continental craton lithosphere at the model boundaries are given by
conductive geotherms (Fig. 3b). The oceanic geotherm is consistent
with that of an oceanic plate older than 100 Ma (Stein and Stein,
1992). The continental craton geotherm is calculated using a surface
heat flow of 55 mW/m2, the thermal properties of continental crustal
materials (Table 2) and a thermal conductivity of 4.22 Wm−1 K−1 for
the mantle lithosphere, such that the conductive geotherm intersects
a 1296 °C mantle adiabat at 200 km depth (i.e., the base of the craton
lithosphere).

The initial 2D steady-state thermal structure of the model domain is
calculated using the assigned thermal boundary conditions and material
thermal properties. In this calculation, the cratonmantle lithospherehas a
thermal conductivity of 4.22Wm−1 K−1 so that its starting thermal
structure is consistentwith the200 kmthick lithosphere. Themodels also
undergo internally-induced isostatic adjustment prior to subduction
initiation that produces variations in initial surface elevation owing to
lateral variations in material and thermal densities.

4. Model results

Various factors have been proposed for triggering the Late
Cretaceous shallowing of the Farallon plate, including enhanced
convergence rates and an increase in North America westward velocity
(Engebretson et al., 1984), subduction of thickened oceanic crust
(Livacarri et al., 1981; Saleeby, 2003), and interactions between the
subducting plate and the thick continental craton lithosphere (e.g.,
O'Driscoll et al. 2009). Here, we investigate the role of plate velocities, in
particular the known rapid subduction of the Farallon plate and the
westward velocity of North America. The current lowermantle position
of seismic velocity anomalies, interpreted as Farallon plate remnants, is
consistentwith 16–18° ofwestward displacement of the North America
plate relative to the deep mantle since the Early Cretaceous (van der
Meer et al., 2010). In the model below, constant velocities of 11 cm/yr
eastward and 4 cm/yr westward are used for the oceanic and
continental plates, respectively, comparable to the inferred average
Cretaceous–Cenozoic plate velocities (Engebretson et al., 1984).

Fig. 4a shows this model at 20 Ma-emt (elapsedmodel time, i.e., the
time after subduction initiation in the model). At this point, a well-
developed subduction zone has been established. With continued rapid
plate convergence, the subducting plate trajectory becomes shallower
(Fig. 4b). As the oceanic plate encounters the craton, the lowermost
craton lithosphere is entrained by the slab (Fig. 4c). At 76 Ma-emt, the
subducting plate is in contact with continental lithosphere at 100–
150 km depth to N1500 km from the trench (Fig. 4d).

This geometry is consistent with isotopic data from Cenozoic mafic
volcanics which indicates that continental mantle lithosphere
remained below much of the western U.S. during the Laramide
orogeny (Livaccari and Perry, 1993) and with P-T data from Oligocene
eclogite xenoliths from the Colorado Plateau (~700 km from the
trench), interpreted as Farallon plate crust (Usui et al., 2003). In the
model, low-angle subduction results in progressive cooling of the
continental lithosphere, in agreement with thermochronologic data
for the western U.S. (Dimitru et al., 1991). Our time-dependent model
has a hotter continental lithosphere than predicted by existing
thermal-kinematic models (e.g., Bird, 1988; English et al., 2003)
which, as noted by Lee (2005), are cold owing to thermal steady state
and the absence of an asthenospheric mantle wedge.

In the above model, low-angle subduction develops in response to
the applied plate velocities, especially continental platemotion.When



Fig. 4.Numerical model at: a) 20 Ma-emt, b) 44 Ma-emt, c) 60 Ma-emt, and d) 76 Ma-emt, where emt is the elapsed model time (the time after subduction initiation in the models).
Models are shown in the continental reference frame; C is the distance that the continent has overridden the subduction zone. Hydrous minerals are serpentinized mantle
(antigorite, S), chlorite (C), and 10 Å phase (A).
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viewed in the fixed subduction zone reference frame, the continent
advances at 4 cm/yr and overrides the subduction zone, resulting in a
low-angle subduction regime even with the old, dense oceanic plate.
We also tested a model in which the continental plate is stationary
and the oceanic plate velocity is 15 cm/yr, giving the same 15 cm/yr
convergence velocity. All other parameters are identical to the above
model. In this case, the subducting plate maintains a steep trajectory
throughout its 60 Ma evolution and does not flatten below the
continental plate (Fig. 5). These results are consistent with those of
van Hunen et al. (2004) which indicate that continental overthrusting
is the main factor controlling the development of low-angle
subduction.

5. Hydrous minerals within the Farallon plate and implications
for metasomatism

5.1. Fluid sources

The subduction hypothesis (McCandless, 1999) links kimberlite
magma genesis with volatiles released from the subducting oceanic
plate. We focus on slab dehydration, as the addition of H2O-rich fluids
to the overlying mantle will decrease its solidus temperature,
promoting partial melting and magma generation (e.g., Katz et al.,
2003; Schmidt and Poli, 2003). Elsewhere, we consider slab
decarbonation and melting. The transport and release of H2O from
the low-angle slab is assessed by mapping the stability of hydrous
phases in oceanic crust and mantle in the model described above.
Dehydration of subducted sediments and continental crust likely yield
only small volumes of H2O (Hacker, 2008).

Oceanic plate dehydration occurs continuously with increasing
pressure and temperature (Schmidt and Poli, 2003). As oceanic crust is
largely anhydrous once in the eclogite stability field, we monitor the
location of the basalt–eclogite transition in the oceanic crust, using the
phase diagram for mid-oceanic ridge basalt (Hacker et al., 2003) and
assuming no kinetic delay in the phase transition. As oceanic crust
enters the eclogite stability field in the model, its density is increased,
representing complete transformation to eclogite facies rocks (Hacker,
1996). The phase change only affects the density; thermal and
rheological parameters are not changed.

Serpentinization of the uppermost oceanic mantle may result from
water introduced by faulting prior to subduction (e.g., Hacker, 2008;
Schmidt and Poli, 2003). We assume a 15 km thick serpentinized layer
and monitor the stability of serpentine (antigorite), chlorite and 10 Å
phase, using the phase diagram for H2O-saturated peridotite of Schmidt
and Poli (2003) (Fig. 6). Material properties do not change as oceanic
mantle lithosphere passes through the different stability fields.

The distribution of hydrous phases for the low-angle subduction
model is shown in Figs. 4 and 6. The old oceanic plate remains cool as
it is rapidly subducted. During early steep subduction, dehydration of
the model oceanic crust and serpentinized mantle occurs beneath the
putative volcanic arc (70–140 km depth). As the subduction trajectory
shallows, the location of the slab dehydration shifts landward. This
effect is enhanced as the slab comes into contact with continental
lithosphere, pinching out the hot mantle wedge. At 76 Ma-emt, the
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basalt–eclogite transition for oceanic crust occurs 300–350 km from the
trench. Serpentinized peridotite remains stable to over 1200 km from the
trench, and dehydration occurs over an additional 300 km, as material
passes through 10 Å phase before becoming anhydrous. In contrast, for
the steep-angle subduction model, dehydration of the oceanic crust and
serpentinizedmantle lithosphereoccurswithin350 kmof the trench,well
seaward of the cratonic continental lithosphere (Fig. 5).

Subduction of thickened oceanic crust (e.g., a plateau) along the
same low-angle trajectory is expected to have a similar dehydration
pattern to that shown in Fig. 4. The basalt–eclogite transitionmay occur
slightly further inboard, owing to the longer time needed to heat the
thicker crust. The thicker crust will also delay the heating of the
underlying mantle lithosphere and therefore dehydration of this layer
would be shifted inboard by a small amount. Numerical models of van
Hunen et al. (2002) indicate that the location of oceanic crust
eclogitization is similar formodels with andwithout an oceanic plateau.
0

2

4

6

Pressure(GPa)

0 300 600 900 1200

antigorite

ph
as

e A

chlorite

amphibole

w
et

so
lid

us

water-saturated
peridotite

(serpentinite)

Approx. Depth(km)

50

0

100

150

200

Temperature (oC)

dehydrated
peridotiteantigorite

8 250

10Å

to
p 

of
 la

ye
r

ba
se

20 Ma-emt
60 Ma-emt
76 Ma-emt

Fig. 6. Pressure–temperature plots for top and bottom of serpentinized oceanic mantle
lithosphere layer at different elapsed model times (emt) for the low-angle subduction
model shown in Fig. 4. Phase diagram for hydrated peridotite from Schmidt and Poli
(2003).
Transport of hydrous fluids from the subducted oceanic plate to the
overlying material is not explicitly modeled, but it is expected that
transport occurs rapidly along subvertical paths corresponding to the
direction of the maximum fluid pressure gradient (e.g., Cagnioncle et al.,
2007; Elliott, 2003). In particular, if the subducting plate is in close
proximity to the continental lithosphere (e.g., Fig. 4c and d), metasoma-
tism of the continental lithosphere is expected to occur in the region that
is above the point of volatile release from the oceanic plate.

Our results confirm the Humphreys et al. (2003) hypothesis that
low-angle Farallon plate subduction may have hydrated the North
America continental lithosphere to N1000 km from the plate margin.
This is consistent with mantle xenoliths in the Cenozoic volcanics that
indicate hydrated lithosphere across much of the western U.S. (e.g.,
Dixon et al., 2004 and references therein; Li et al., 2008; Smith et al.,
2004; Smith, 2010). Isotopic and trace element data support a
subduction source for the fluids (e.g., Facer et al., 2009; Lee, 2005;
Perkins et al., 2006; Rowe and Lassiter, 2009), and fluid addition is
inferred to have occurred since 100 Ma (e.g., Carlson et al., 2004;
Mirnejad and Bell, 2006; O'Brien et al., 1995; Smith and Griffin, 2005).

5.2. Fluid sinks

Hydration of the craton lithosphere by fluids derived from the
underlying low-angle slab may trigger partial melting, owing to the
decrease of the solidus temperature by H2O addition.Wemap the area
of potential melting using the parameterization of the hydrous
peridotite solidus given by Katz et al. (2003). At each point in the
craton lithosphere, we calculate the amount of water (in bulk wt.%)
that would be needed to induce melting at the in-situ pressure–
temperature conditions (Fig. 7). The region of potential melting is
bounded by the water-saturated solidus (Fig. 6), and within this
region, only a small amount of H2O (0.2–0.3 bulk wt.%) is needed to
stabilize the melt. Here, we assume no previous hydration melting of
this type. That is, we assume the cratonic lithosphere is initially ‘dry’
and therefore has not undergone earlier melting because its
temperature is well below the anhydrous peridotite solidus (Katz
et al., 2003). In nature, there may have been previous metasomatic
events that induced melting (e.g., Griffin et al., 2004).

As the subducting plate trajectory shallows in the models, the craton
lithosphere is cooled and the potential melt region migrates landward.
During cooling, thearea that is susceptible tomelting is situatedaboveand
horizontally overlaps the location of dehydration of the oceanic plate,
supporting the idea that some parts of the deep craton may undergo

image of Fig.�5
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partial melting during the development of low-angle subduction. Cooling
of the lithosphere by prolonged low-angle subduction should prohibit
further melting, although slab dehydration may continue, producing a
hydrated continental lithosphere that is prone to widespread
melting triggered by heating associated with later removal of the low-
angle slab (c.f. Humphreys et al., 2003).

6. Discussion and conclusions

Kimberlite and lamproite magmas are small volume, potassic,
volatile-rich ultramafic melts that originate within or below the
diamond stability field (Mitchell, 1986). The hybrid nature of these
magmas makes it difficult to infer the primary source (Becker and Le
Roex, 2006). A key constraint comes from Hf–Nd systematics showing
that these magmas plot below the mantle array, hence requiring a
source component that has been isolated from convecting mantle
for N1 Ga (Nowell et al., 2004). One interpretation invokes melting of
ancient oceanic material in the mantle transition zone or deeper (e.g.,
Nowell et al., 2004; Ringwoodet al., 1992).Others place the source in the
deepcontinentalmantle lithosphere andattribute thenegative εHf–εNd
signature to melting of either chemically distinct veins (e.g. Choukroun
et al., 2005; Griffin et al., 2000), or a thin, compositionally distinct layer
Fig. 7. Assessment of the link between slab dehydration and craton lithosphere melting during
Orange-red region in the cratonmantle lithosphere shows thematerial thatmay undergo hydro
at thepressure–temperature conditionswithin this region. Darkblueparticles (M) indicate ocea
minerals are serpentinized mantle (antigorite, S), chlorite (C) and 10 Å phase (A).
at the base of the lithosphere (e.g., Bell and Moore, 2004). Kimberlite
models with a continental lithosphere source propose a two-stage
process to explain the geochemical and isotopic characteristics (e.g.,
Choukroun et al., 2005; Le Roex et al., 2003; Malkovets et al., 2007):
(1) an ancient metasomatic event that introduced volatiles into the
deep, previously depleted, continental lithosphere through chan-
nelized flow, creating veins of modified mantle lithosphere and (2) a
more recent event that triggered partial melting of the deep
lithosphere; the latter is the process that we are investigating.

As argued above, the continental-scale Western Interior Seaway
was significantly wider than predicted for flexural orogenic loading
and is more consistent with dynamic subsidence associated with an
extensive region of low-angle subduction. This placed the Farallon
plate below, and likely in close proximity to, cratonic lithosphere at
the time of KC magmatism. The Farallon plate would have screened
the continent from material rising from greater depths, making
models of a deep mantle origin for these particular kimberlites
problematic unless the magma passed through slab tears or holes. It is
also unlikely that kimberlite magmatism reflects melting of the
Farallon plate; kimberlite compositions are inconsistent with melting
of recently subducted material (Nowell et al., 2004), and our
numerical model shows the oceanic mantle lithosphere is too cool
low-angle subduction at: a) 60 Ma-emt, b) 66 Ma-emt, c) 70 Ma-emt, and d) 76 Ma-emt.
usmelting; the scale bar shows the amount of water (bulkwt.%) needed to inducemelting
nic crust or subducted sediments that are at temperatures above theirwet solidus. Hydrous
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to melt (Fig. 6). Modeled oceanic crust temperatures are, however,
above the basalt wet solidus during low angle subduction (Fig. 7).
Although this material is dehydrated, melting could be induced
through H2O infiltration from the underlying lithospheric mantle (i.e.,
flush melting, Schmidt and Poli, 2003). Limited oceanic crust melting
may explain xenolith trace element data from the Colorado Plateau
that suggest continental lithosphere metasomatism by both an
aqueous fluid and silicate melt (Lee, 2005). The wet solidus for pelitic
sediments is comparable to that of MORB (Schmidt and Poli, 2003),
and therefore subducted sediments on top of the oceanic crust may
also undergo flush melting.

Our preferred model places the source region of KC magmas above
the low-angle Farallon plate and directly implicates Farallon plate
devolatilization in magma genesis (Fig. 8). The numerical models
demonstrate that, owing to its old age and rapid subduction rate,
hydrous minerals could have been preserved in the Farallon plate to
1000–1500 km from the trench. As these minerals destabilized below
the western North American craton, hydrous fluids were released into
the overlying lithosphere, or the region immediately below it. We
propose that the influx of fluids triggered a small amount of partial
melting of the deep craton lithosphere, forming the source for
kimberlite and lamproite magmas. The sporadic nature of KC
magmatism may reflect variability in the degree of Farallon plate
dehydration and factors controlling magma transport and extrusion
(e.g., lithosphere structure and far-field plate stresses).

The kimberlite magma source in this model represents a mixture
between components derived from both the subducting plate and
deep craton mantle lithosphere. Geochemical studies demonstrate
that kimberlite compositions are consistent with low degree (~1%)
melting of refractory, metasomatically enriched, continental mantle
(Becker and Le Roex, 2006; Le Roex et al., 2003), including veins or
isolated regions of mantle lithosphere that were metasomatized
before 1 Ga and therefore contain a negative εHf–εNd signature
(Griffin et al., 2000). In addition, both H2O and CO2 are required in the
kimberlite source region (e.g., Le Roex et al., 2003; Mitchell, 1986 and
references therein). In our model, H2O is derived directly from slab
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dehydration and is the key factor that induces melting. The
subducting plate may also be the source of CO2. In particular, melting
of carbonated oceanic crust and sediments provides an effective
means of transferring CO2 to the overlying material (e.g., Kerrick and
Connolly, 2001; Thomsen and Schmidt, 2008). A sediment contribu-
tion is in accord with kimberlite compositions that indicate a source
with a high K2O/Na2O ratio (e.g., Mirnejad and Bell, 2006).

This model is consistent with geochemical analyses of Cenozoic
lamproites of the Wyoming craton that indicate a lithospheric source
region that was subject to recent (b100 Ma)metasomatism (Mirnejad
and Bell, 2006). Furthermore, these rocks indicate a complex
geochemical evolution of the western U.S. lithosphere prior to
100 Ma, including early melt depletion followed by a Proterozoic
metasomatic event (N1 Ga) (Downes et al., 2004; Mirnejad and Bell,
2006; O'Brien et al., 1995). The kimberlites themselves remain more
enigmatic, and further work is needed to assess the presence of a
subduction component in the magma source region. For example,
oxygen isotope data indicate no strong subduction signature in
several KC kimberlites (Schulze et al., 2001). However, a subduction
component is not generally observed in oxygen isotopes from volcanic
arc magmas (Eiler et al., 2000) where it would be more likely. We are
not aware of other studies that have examined KC kimberlites and
lamproites for a subduction component.

In conclusion, our study supports a causal link between Farallon
plate subduction and Cretaceous KC magmas. At the time of
magmatism, the Farallon plate was suitably positioned, and numerical
models demonstrate the development of low-angle subduction and
transport of hydrous minerals beneath the KC, where slab dehydra-
tion is consistent with kimberlite and lamproite magma generation in
the cratonic lithosphere above. The subsidence history of theWestern
Interior Seaway indicates low-angle subduction along much of the
plate margin to ~60° N (Liu et al., 2008). Therefore, the proposed
model may be valid for the Late Cretaceous Birch Mountains
kimberlites and regions to the south, but further work is needed to
extend this model north to the Slave Craton kimberlites (Fig. 1).

Rapid, low-angle subduction reaching beneath cratonic continental
interiors appears to be relatively rare, and therefore, subduction-related
magmatismmay be limited to only a small number of kimberlite events.
Other mechanisms are likely responsible for kimberlites where there is
no evidence for contemporaneous low-angle subduction. Examples
where there is a spatial–temporal correlation between kimberlites and
subduction include the Devonian kimberlites of the Wyoming Craton
(Carlson et al., 2004), Carboniferous and Triassic diamonds of eastern
Australia, andMesozoic kimberlites of South Africa (McCandless, 1999).
In the case of eastern Australia, the Copeton and Bingara alluvial type B
diamonds are anomalous and may have been derived directly from the
subducting plate during the formation of the New England fold belt
(Davies et al., 2002, 2003; Sutherland and Barron, 2003). However,
because they are alluvial, it is not known how they were transported to
the surface. A potential modern analogue is the central Chile flat slab
region which projects under the Rio de la Plata craton. This region
contains Mesozoic deep-seated volcanics (Comin-Chiaramonti et al.,
2010), so it will be necessary to distinguish any modern occurrences
from the pre-existing population.
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