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ABSTRACT
The Late Cretaceous kimberlites in northern Alberta, Canada, intruded into the Paleo-

proterozoic crust and represent a nonconventional setting for the discovery of diamonds. 
Here, we examined the origin of kimberlite magmatism using a multidisciplinary approach. 
A new teleseismic survey reveals a low-velocity (−1%) corridor that connects two deep-rooted 
(>200 km) quasi-cylindrical anomalies underneath the Birch Mountains and Mountain Lake 
kimberlite fields. The radiometric data, including a new U-Pb perovskite age of 90.3 ± 2.6 Ma 
for the Mountain Lake intrusion, indicate a northeast-trending age progression in kimber-
lite magmatism, consistent with the (local) plate motion rate of North America constrained 
by global plate reconstructions. Taken together, these observations favor a deep stationary 
(relative to the lower mantle) source region for kimberlitic melt generation. Two competing 
models, mantle plume and slab subduction, can satisfy kinematic constraints and explain 
the exhumation of ultradeep diamonds. The plume hypothesis is less favorable due to the 
apparent age discrepancy between the oldest kimberlites (ca. 90 Ma) and the plume event 
(ca. 110 Ma). Alternatively, magma generation may have been facilitated by decompression 
of hydrous phases (e.g., wadsleyite and ringwoodite) within the mantle transition zone in 
response to thermal perturbations by a cold slab. The three-dimensional lithospheric struc-
tures largely controlled melt migration and intrusion processes during the Late Cretaceous 
kimberlite magmatism in northern Alberta.

INTRODUCTION
Kimberlites, one of the most deeply derived 

mantle melts, often carry xenoliths and dia-
monds from great depths (>150 km) to the 
surface and provide vital information on the 
composition and dynamic processes of the sub-
continental lithosphere (Griffin et al., 2008; Hea-
man et al., 2004; Pearson and Wittig, 2008; Tors-
vik et al., 2010). Their scientific and economic 
significance has prompted growing research 
interest into the petrogenesis and migration of 
kimberlite melts. In North America, kimberlite 
eruptions have been reported in several regions 
that, based on their spatiotemporal distribu-
tions, can be classified into five distinctive age 
groups (Fig. 1A; Heaman et al., 2004). Their 

formation has been linked to tectonic processes 
involving subduction (e.g., McCandless, 1999; 
Currie and Beaumont, 2011), continental rifting 
and mantle plume (Bank et al., 1998; Heaman 
and Kjarsgaard, 2000; Eaton and Frederiksen, 
2007), edge-driven convection (Kjarsgaard 
et al., 2017), and lithospheric flexure (Zhang 
et al., 2019).

In northern Alberta, Canada, kimberlite 
pipes have been discovered from three tectonic 
domains, including the Chinchaga domain, the 
Buffalo Head terrane (BHT), and the Taltson 
magmatic zone (TMZ), and they collectively 
form the northern Alberta kimberlite province 
(Fig. 1B; Eccles et al., 2004). The intrusions of 
diamondiferous kimberlites into the Paleopro-
terozoic crust signify a nonconventional set-
ting for diamond exploration (Aulbach et al., 
2004; Banas et al., 2007), where several types of 

diamonds have been discovered in association 
with a wide depth range of formation environ-
ment. For example, the type II (nitrogen-free) 
and type IaB (low to moderate nitrogen content) 
diamonds, with majoritic garnet, indicate a sub-
lithospheric origin (Davies et al., 2004). Their 
temporal association with the host kimberlites 
was inferred from the absence of pyroxene 
exsolution, which suggests a short residence 
time of diamonds prior to their exhumation by 
kimberlite magmas (Banas et al., 2007). The 
relatively remote locations in northern Alberta 
compared to other kimberlite groups in North 
America (Fig. 1A) and highly variable isotopic 
signatures (e.g., Sr ratio: 0.704–0.709, and εNd 
values from −7.4 to +2.7) further highlight the 
complex tectonic processes that triggered the 
Late Cretaceous kimberlite magmatism (Aul-
bach et al., 2004; Davies et al., 2004; Eccles 
et al., 2004; Banas et al., 2007). By combining 
seismic imaging with an analysis of the spatio-
temporal emplacement pattern of kimberlites 
and plate reconstructions, this study sheds new 
light on the initiation and evolution of kimber-
lite magmatism in northern Alberta.

NORTHERN ALBERTA KIMBERLITE 
PROVINCE

Northern Alberta consists of a collage of 
northwesterly trending Proterozoic terranes that 
were accreted to the Archean western Churchill 
Province during a relatively short (2.0–1.8 Ga) 
geological time span (Fig. 1B; Hoffman, 1988; 
Ross et al., 1991). The Proterozoic crustal domain 
of Buffalo Head was suggested to have formed 
on an Archean-aged basement (Ross and Eaton, 
2002), and its underlying mantle lithosphere 
exhibits isotopic signatures similar to those 
within Archean cratons (Aulbach et al., 2004). *E-mail: yunfeng1@ualberta.ca

Downloaded from https://pubs.geoscienceworld.org/gsa/geology/article-pdf/doi/10.1130/G47163.1/5051429/g47163.pdf
by Univ Alberta Library  user
on 03 June 2020

http://www.geosociety.org
https://pubs.geoscienceworld.org/geology
http://www.geosociety.org


2 www.gsapubs.org | Volume XX | Number XX | GEOLOGY | Geological Society of America

According to Eccles et al. (2004), the three major 
crustal domains were intruded respectively by 
the Mountain Lake (ML),  Buffalo Head Hills 
(BHH), and Birch Mountains (BM) kimberlites 
between 90 and 60 Ma. The spatial distribution 
of these kimberlite clusters forms a northeast-
trending corridor that extends over 300 km, 
roughly overlapping with the Devonian Peace 
River Arch (Fig.  1B). The composition and 
evolutionary history of the subcontinental litho-
spheric mantle traversed by the kimberlites are 
mainly inferred from the entrained mantle xeno-
liths and xenocrysts (Aulbach et al., 2004; Eccles 
et al., 2004) as well as from diamond inclusions 
(Davies et al., 2004; Banas et al., 2007).
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Figure 1. (A) Kimberlite and lamproite distribution in North America. Location of the study area is enclosed by blue polygon. Kimberlites are 
classified into five age groups separated by dashed lines. The Mid-Cretaceous kimberlite corridor (shaded green) contains the Somerset 
Island, Saskatchewan, and Kansas kimberlite fields (Kjarsgaard et al., 2017). The edge of the Farallon slab at 70 Ma and 90 Ma is shaded in 
black and blue colors, respectively (Spasojevic et al., 2009). The Labrador hotspot track from Heaman et al. (2004) is indicated by the red 
line, and the red circles mark the approximate ages at 10 m.y. intervals. (B) Geological map of the northern Alberta kimberlite province, which 
consists of three discrete kimberlite groups including Mountain Lake (ML), Buffalo Head Hills (BHH), and Birch Mountains (BM) (modified 
after Eccles, 2011).
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Figure 2. Seismic structures of the northern 
Alberta kimberlite province (Canada) showing 
(A) P-wave velocities, (B) gradient values at 
100–200 km depths, and (C) cross-sectional 
view of P-wave velocities underlying kimber-
lite fields. Profile locations are marked by 
purple lines at 100 km depth. Blue arrows in 
B indicate directions of the largest velocity 
gradients, and purple arrows in C indicate 
locations of kimberlite groups along the pro-
files. Kimberlite fields: ML—Mountain Lake, 
BHH—Buffalo Head Hills, and BM—Birch 
Mountains.
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SEISMIC VELOCITY STRUCTURES IN 
NORTHERN ALBERTA

We used finite-frequency traveltime tomog-
raphy (Hung et  al., 2011) to constrain the 
velocity structures of the upper mantle beneath 
northern Alberta (Section S1 in the Supple-
mental Material1). Benefiting from improved 
regional data coverage (Fig. 1B), our model 
offers new seismic constraints on this poorly 
sampled region. The most notable features 
are two low-velocity zones residing beneath 
the Proterozoic terranes: a stronger (−1.5%) 
anomaly near the boundary of the BHT and 
TMZ, and a less significant (−1%) anomaly 
located ∼300 km to the southwest (Fig. 2A). 
Both anomalies exhibit a semicircular shape 
and extend subvertically to a depth of ∼300 km, 
where they are connected by a horizontal north-
east-southwest–trending low-velocity channel 
(Fig. 2C). The vertical scales of these anoma-
lies are exaggerated by ∼50 km due to the ver-
tical smearing effects of body waves based on 
synthetic tests (e.g., Chen et al., 2018), where 
the robustness of the lateral velocity variations 
is evidenced by minimal horizontal smearing 
(Section S2). The BHH and BM kimberlites 
are located on each side of the highest (>1.5% 
per 100 km) velocity gradient at lithospheric 
depths (Fig. 2B). The reduced velocities near 
the BHT have been corroborated by a recent 
continental-scale tomographic model (Yuan 
et al., 2014).

SPATIOTEMPORAL DISTRIBUTION OF 
KIMBERLITES

A summary of the reported ages for north-
ern Alberta kimberlites is presented in Table 
S1, together with a new perovskite U-Pb age 
of 90.3 ± 2.6 Ma obtained from the Mountain 
Lake South intrusion (Section S4). For fur-
ther analysis, we only adopted high-precision 
measurements with uncertainty of <5 m.y. 
The average emplacement ages are 90, 85, 
and 75 Ma for the ML, BHH, and BM kim-
berlite groups, respectively, showing a general 
eastward younging trend (Fig. 3). The average 
migration speed for kimberlite magmatism is 
2.4 cm/yr based on a linear-regression analysis, 
although the data from the BHH group exhibits 
significant deviations from the general trend. 
An improved data fit is achieved with a piece-
wise linear function, showing approximate 
velocities of 1.2 and 4.6 cm/yr for the BM-
BHH and BHH-ML segments, respectively 
(Fig. 3). Assuming a single magma source for 
the three kimberlite clusters (i.e., a tectonic 
event lasting ∼20 m.y.), this migration reflects 

the rate of relative motion between the source 
and the overlying North American plate. The 
variation in the migration speed generally cor-
relates with the change in the absolute plate 
motion rate of northern Alberta (reference 
point: 57°N, 115°E) according to five global 
reconstruction models (Van der Meer et al., 
2010; Mitchell et  al., 2012; Torsvik et  al., 
2012; Matthews et al., 2016; Wu et al., 2017; 
see Section S3). The consistency between the 
migration rates of kimberlite intrusions and 
plate motion suggests a relatively fixed source 
region (relative to the lower mantle) for the 
kimberlite magmatism.

IMPLICATIONS FOR THE ORIGIN OF 
KIMBERLITES

The spatiotemporal affinity of the Cre-
taceous northern Alberta kimberlites to the 
mid-Cretaceous kimberlite corridor in west-
ern North America (see Fig. 1B) may suggest a 
common origin. Recently, two models centered 
on edge-driven convection (Kjarsgaard et al., 
2017) and tensile stress (Zhang et al., 2019) 
have been invoked to explain the mid-Creta-
ceous kimberlite corridor (Fig. 1B). The for-
mer model attributes the eruption of kimberlite 
magma to mantle upwelling induced by a (sec-
ondary) convective cell located 200–300 km 

1Supplemental Material. Summary of northern 
Alberta kimberlite emplacement ages. Please visit 
https://doi .org/10.1130/GEOL.S.12298556 to access 
the supplemental material, and contact editing@geo-
society.org with any questions.
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Figure 3. (A) Rates of plate motion in northern Alberta, Canada, obtained from five recent 
global reconstruction models (Van Der Meer et al., 2010; Mitchell et al., 2012; Torsvik et al., 
2012; Matthews et al., 2016; Wu et al., 2017). Dashed line marks lateral migration rates of kim-
berlite magmatism estimated from spatiotemporal patterns of kimberlites. (B) Spatiotemporal 
distribution of northern Alberta kimberlites (ML—Mountain Lake, BHH—Buffalo Head Hills, 
and BM—Birch Mountains). Emplacement ages (horizontal axis) of kimberlite samples are 
summarized in Table S1 (see footnote 1), and their locations (vertical axis) are defined by the 
distance of each kimberlite intrusion relative to the Mountain Lake intrusion. Error bar for each 
kimberlite sample indicates 2σ uncertainty in age measurement. Red circles indicate mean 
values for kimberlite groups with the standard deviation shown by the red-colored error bar. 
Gray dashed line shows the weighted linear regression for all data points, and black dashed 
lines indicate the regression results for only nearby kimberlite groups.
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away from the attenuated lithospheric edge. 
The latter interpretation attributes the upward 
transport of melts to tensile flexure at the bot-
tom of continental lithosphere that occurred 
600–700 km inboard from a trench. However, 
the kimberlites in northern Alberta are located 
∼500 km away from the suggested craton mar-
gin (Schaeffer and Lebedev, 2014), a distance 
that is too short to induce tensile flexure and 
too large to initiate the convective cell. Fur-
thermore, these models infer that the kimberlite 
magma intruded at relatively fixed distances 
from the continental margin, where a convec-
tive cell (Kjarsgaard et al., 2017) or tensile 
flexure (Zhang et al., 2019) would reside. The 
locations suggested by these models are incon-
sistent with the spatial patterns of the observa-
tions in northern Alberta where the kimberlite 
magmatism appears to migrate away from the 
craton margin. Thus, we favor an external trig-
gering mechanism that involved a stationary 
subcontinental source acting upon the west-
ward-drifting North American continent.

Plumes and slabs are two geological fea-
tures that can retain a relatively fixed posi-
tion in the asthenosphere (e.g., Torsvik et al., 
2010; Sigloch and Mihalynuk, 2013). On the 
global scale, most Phanerozoic kimberlites 
have been linked to deep mantle plumes (Tors-
vik et al., 2010). Regionally, the Cretaceous 

diamondiferous kimberlites near the Trans-
Hudson orogen in Saskatchewan (Fig. 1B) 
have been linked to Cretaceous plume activity 
(Bank et al., 1998). The plume hypothesis is 
further evidenced from the reported trajec-
tory of the Labrador hotspot, showing that 
a plume resided beneath northern Alberta at 
ca. 110 Ma (Heaman et al., 2004). Consid-
ering the westward-drifting North America, 
this could have caused the apparent north-
east migration of the kimberlite magmatism 
(Fig. 1B). Davies et al. (2004) suggested a 
potential plume environment for diamond 
growth based on an analysis of inclusion min-
erals, which further strengthens the tectonic 
impact of a plume. One pitfall of this model 
is that the emplacement age of kimberlites 
(90–70 Ma) is at least 20 m.y. younger than 
the initiation of the plume event (ca. 110 Ma; 
Fig. 1A), though uncertainties in both kimber-
lite age and plume track location may partially 
account for this inconsistency.

We propose an alternative interpretation that 
involves a steeply subducted slab impinging on 
the mantle transition zone to explain the kim-
berlite magmatic events (Fig. 4). A candidate 
slab is the eastward-subducted Farallon plate 
( Currie and Beaumont, 2011), the northern edge 
of which traversed northern Alberta while enter-
ing the mantle transition zone (400–600 km) 

during the period of kimberlite magmatism 
(90–70 Ma; Fig. 1A; Liu et al., 2008; Spasojevic 
et al., 2009). Alternatively, the westward sub-
duction of the Angayucham (ANG) slab, owing 
to a fixed trench position, produced a vertical 
slab wall that remained stationary (laterally) rel-
ative to the lower mantle. The ANG slab sank 
through the mantle transition zone and was over-
ridden by western Canada in the Late Cretaceous 
(Sigloch and Mihalynuk, 2013), coinciding with 
the kimberlite events. In either case, the slab 
edge retained a relatively fixed position in the 
mantle transition zone, such that the migration 
trend of kimberlites was largely controlled by 
the movement of the overlying continent.

In the slab hypothesis, the magma may have 
been generated through water-fluxed decom-
pression melting of mantle transition zone 
minerals (Kjarsgaard et al., 2017). The cold 
thermal regime of the subducting slab could 
have cooled and thickened the mantle tran-
sition zone. The subsequent thermal equilib-
rium (i.e., temperature increase) process would 
lower the H2O solubility in the hydrous com-
positions (ringwoodite or wadsleyite phases), 
triggering the water release and melting of the 
overlying mantle (Kjarsgaard et al., 2017). A 
sublithospheric origin for the northern Alberta 
kimberlites is also evidenced by the mineral 
inclusions in the diamonds (Davies et  al., 
2004). These melts were transported upward 
from the source region atop the mantle transi-
tion zone through subduction-induced return 
flow (mantle upwelling; Piromallo et  al., 
2006; Schmandt et al., 2012), thereby caus-
ing metasomatic enrichment of the adjacent 
mantle (lithosphere) and reduction in seismic 
velocity (Fig. 4; O’Reilly and Griffin, 2013). 
We further conjecture that the melt transfer 
to the surface was controlled by the intrin-
sic lithospheric structures, as the shape of the 
three-dimensional craton tends to focus the 
kimberlite melts and their migration toward the 
thinner parts of the lithosphere (Griffin et al., 
2013). In northern Alberta, mantle xenolith 
inclusions suggest a deep (180 km) litho-
spheric root beneath the BHT (Aulbach et al., 
2004), which is corroborated by seismic obser-
vations of a thicker BHH lithosphere than that 
of adjacent domains (Bao and Eaton, 2015). 
For these reasons, we conclude that melt was 
likely channeled away from the deep craton 
(BHH) toward the relatively thin mantle litho-
sphere beneath the ML and BM groups. In 
both regions, the eruptions of kimberlites were 
likely facilitated by the presence of domain 
boundaries where the lithosphere could have 
been weakened by faulting and metasomatic 
modifications prior to kimberlite magmatism 
(Aulbach et  al., 2004). These lithospheric 
weak zones would have provided effective 
pathways for the eruption of kimberlite melts 
(Griffin et al., 2013).
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Figure 4. A schematic drawing illustrating potential mechanism(s) for kimberlite magmatism in 
northern Alberta, Canada. The slab was subducted beneath northern Alberta during 90–70 Ma 
and reached the mantle transition zone, where magma was transferred to the surface through 
lithospheric weak zones. The relatively stationary position of the steep slab and the overlying 
drifting North American plate caused the spatiotemporal distribution of kimberlite magmatism 
(dashed arrows). See Figure 1 for acronyms.
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SUMMARY
We report the results of an integrated seismic 

and geochronological study to explain the Late 
Cretaceous kimberlite magmatism in northern 
Alberta. The proposed model involves the steep 
subduction of an oceanic plate, in which kimber-
lite magma generation was facilitated by water 
released near the mantle transition zone and 
brought upward by subduction-induced return 
flow. An alternative model invokes a plume, 
but the delayed (by 20 m.y.) response of kim-
berlite eruption to plume activity requires fur-
ther reconciliation. The kimberlite melts likely 
migrated toward the thinner lithosphere and 
erupted through lithospheric weak zones near 
the domain boundaries. In summary, our study 
reconciles seismic structures with the kimberlite 
magmatism in northern Alberta and sheds new 
light on the origin of kimberlites in the Late 
Cretaceous.
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