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TC6002 JIMÉNEZ-MUNT AND PLATT: MANTLE DYNAMICS OF TOPOGRAPHY OF TIBET

3 of 17

TC6002Tien Shan

Jiménez-Munt and Platt, Tectonics, 2006

“Flat slab” models
Collision and “orogenic collapse” 

models



Jordan & Allmendinger, Am. J. Sci., 1986

Sierra Pampeanas as an analog
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So what of this analog?  Style of deformation is similar, but is that reflective of driving force or simply the way that kind of crust shortens?
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detrital zircon ages to explore the provenance of the
sediment and show its local supply.

2. Tectonic and Geological Setting

[6] Along the modern flat-slab segment of the Central
Andes [Cahill and Isacks, 1992] Miocene paleogeographic
reconstructions [e.g., Yrigoyen, 1969; Jordan et al., 2001]
allow differentiation of three major zones (see Figure 2),
from west to east: (1) the structurally thickened tectonic
wedge, represented by the Cordilleran provinces (Main and

Frontal Cordilleras) and the Precordillera thrust and fold
belt that together constitute the main tectonic load, (2) the
foredeep presently located along the Bermejo Valley, and
(3) the pericratonic distal foreland regions of Sierras
Pampeanas and the Pampean Plains. This across-strike
segmentation resembles the foreland system studied by
Horton and DeCelles [1997] in Bolivia, >500 km northward
of the flat subduction segment. However, it differs in the
fact that the flat-slab distal foreland involves thick-skinned
deformation in the Sierras Pampeanas (Figure 1). The
Sierras Pampeanas region, at >400 km east of the Chile

Figure 2. Map of the Andean foreland within the Modern flat slab segment depicting the distribution of
distal foreland sequences (in black). These sequences are known in Argentina as Los Llanos Formation,
and correlatives (see text for further explanations). The grey areas represent the Andean orogen,
involving pre-Neogene and Neogene strata. The black rectangle depicts the location of columns, A, B,
and C in Figure 3.

TC5016 DÁVILA ET AL.: FOREBULGE DEVELOPMENT IN CENTRAL ANDES

3 of 17

TC5016

Dávila et al., Tectonics, 2007

systems. Sharp erosive bases, coarse lags and pronounced
incisions at the base of sequence 2, indicate truncation
consistent with higher flow regimens and higher gradients
than those inferred for the fluvial strata underlying the
eolian beds in the lower sequence. However, fluvial strata
in sequence 2 have been thoroughly bioturbated and tex-
tures have been deeply modified by pedogenesis and
calcretization. The fact that there are various intermediate

erosional surfaces and stacks of unusual thickness of
paleosoils (several meters thick) suggest recurrent soil
forming conditions on heterogeneous substrates. Locally
paleosols affect the top of sequence 1 as well as basement
rocks, where sequence 2 directly overlaps onto it. Whereas
calcrete-rich paleosols with distinct calcrete horizons dom-
inate through the upper sequence, a siliceous paleosol with a
distinct silcrete layer at the top of the succession indicates

Figure 3. Los Llanos Formation stratigraphic column in the stratotype (Los Llanos Range). See location
in Figure 2. E2 and E3 are maturity stages of Bown and Kraus [1987]. E? are truncated paleosols by
erosion.
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What of pre-shortening sedimentation?  In Pampeanas, most sections only a few 10s of meters; up to maybe 300m in some wells.  There is a ~10km deep 
foredeep to the west...
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Eurasia (Fig. 5). As in the Ancestral Rocky Moun-
tains, intraplate deformation began after subduction
had ceased, the intervening ocean had been closed,

and full collisional plate coupling (Ziegler et al.,
1998) had been achieved. As much as 40% of the
shortening that has occurred between the two con-

Fig. 5. Topography and major tectonic elements of Eurasia. (A) The Tien Shan intraplate chain of ranges and intermontane basins has been

forming during the past 11 Ma as a result of ongoing collision of the Indian and Eurasian continents. Box denotes area of (B) (modified slightly

from Bullen et al., 2001). (B) Tectonic zonation of the western and central Tien Shan (modified from Burtman, 1997). Within the complex two

ancient suture zones have been reactivated—the early Paleozoic Terskey suture (TR) and the late Paleozoic Turkestan suture (TS). Inverted

Proterozoic to early Paleozoic rift structures and passive margin deposits are exposed north of the Terskey suture (TR; pattern 2) and within the

Talas zone (1) northeast of the ancient Talas–Fergana fault (TF). Farther south, Proterozoic crystalline basement and Vendian to mid-

Carboniferous passive-margin sedimentary strata have been uplifted—the Alay (3) west of the TF and Tarim (4) on the east. TF also separates

two Permian–Triassic volcanic suites—Chatkal (5) west of the fault and Upper Naryn (6) to the east. Present slip sense of TF is dextral. IK=

Issyk Kul lake.

P.W. Dickerson / Tectonophysics 365 (2003) 129–142136

Tien Shan differences
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Is there an “India”?
Active shortening between collider and 
foreland mountains?
Colorado Plateau as rigid as Tarim Basin?
Subsidence pre-shortening?



A. Broad flat slab B. Narrow flat slab

C. End loads and rigid Colorado Plateau D. Basal normal stress
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Fig. 2. Areas of flat subduc-
tion at various times in the \
past. The labeled curves sep- \
arate the area that was un- 75
derlain by flat-subducting
oceanic slabs (to the west)
from areas that were under- 3
lain by normal astheno- _0 \ %

I%.

sphere (to the east). Thus, $
these lines are the locationsI
at which the oceanic plates
separated from North
America and descended into
the asthenosphere. Curves
are labeled in mllfions of P\ 40

years before present. For
more complete data and
maps see (4).

early writers conceived of the crust (the surficial layer ofmore silicic
composition) as rigid-plastic, and the mantle as a uniformly fluid
layer ofno long-term strength ("asthenosphere"). It is now postulat-
ed that the top of the mantle also contains a cold, rigid thermal
boundary layer (the "mantle lithosphere") that overlies the astheno-
sphere. Paleomagnetic data also indicate conclusively that vast areas
of oceanic crust and attached lithosphere were subducted (under-
thrust) beneath the west coast ofNorth America during the time of
the Laramide orogeny (7, 8). A link between subduction and the
orogeny was suggested by Dickinson and Snyder (9), who proposed
that the subduction was horizontal, with the oceanic lithosphere
sliding along the base of North America as far inland as the Black
Hills. They suggested that the resulting shear stresses caused the
shortening strains seen at the surface. Horizontal subduction has
also been invoked to explain the sudden subsidence of the region in

Fig. 3. (A) Final (middle Oligocene) displacement and thickness of the mantle
layer of North America lithosphere. Thickness is contoured in 20-km intervals.
(B) Summary map ofpost-Oligocene faults in North America, from Stewart (33).
Most (except the San Andreas fault system) were formed in the extensional Basin-
and-Range taphrogeny that continued after the end of this model. Note the
correspondence between the area that was deared of mantle lithosphere and the
area that was eventually extended.

the Late Cretaceous (10). Finally, I have previously suggested (4)
that horizontal subduction transferred crustal material into the
Rockies region from the southwest, which increased the crustal
thickness by about 65%.

In this article I present a test of the hypothesis offlat subduction
by a quantitative prediction of its effects. This has been done with a
set of new finite-element techniques developed especially for this
problem (11) that permit the calculation of crust and mantle-
lithosphere displacement, thickness, and temperature through time.
The boundary conditions of the simulation are obtained from plate
tectonic theory and are reasonably certain.

This model does not have the spatial resolution to predict
individual structures such as the Wind River or Big Hom ranges,
but it does consistently predict a curved belt of crustal compression
with the correct location, timing, and orientation. (However, the
amplitude is adjustable, because it depends on the assumed rheolo-
gy.) Furthermore, the model predicts the transfer of lower crustal
material into the Rockies region from the coastal region in a great
wave. After the eventual removal ofanomalous masses in the mantle,
this extra crust would cause a buoyant uplift, which explains the
present elevations. Another, unexpected feature ofthese solutions is
that the mantle layer of the North American lithosphere is entirely
stripped away from the region west of the Rockies. This provides a
simple unifying explanation for the cause, location, and timing of
the extensional strain event ("taphrogeny") that followed the Lara-
mide orogeny and created the Basin-and-Range topography. Thus,
the hypothesis of horizontal subduction both provides a fundamen-
tal mechanism for the Laramide orogeny and suggests an explana-
tion for the next event, which until recently was considered distinct
and unrelated.
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that horizontal subduction transferred crustal material into the
Rockies region from the southwest, which increased the crustal
thickness by about 65%.

In this article I present a test of the hypothesis offlat subduction
by a quantitative prediction of its effects. This has been done with a
set of new finite-element techniques developed especially for this
problem (11) that permit the calculation of crust and mantle-
lithosphere displacement, thickness, and temperature through time.
The boundary conditions of the simulation are obtained from plate
tectonic theory and are reasonably certain.

This model does not have the spatial resolution to predict
individual structures such as the Wind River or Big Hom ranges,
but it does consistently predict a curved belt of crustal compression
with the correct location, timing, and orientation. (However, the
amplitude is adjustable, because it depends on the assumed rheolo-
gy.) Furthermore, the model predicts the transfer of lower crustal
material into the Rockies region from the coastal region in a great
wave. After the eventual removal ofanomalous masses in the mantle,
this extra crust would cause a buoyant uplift, which explains the
present elevations. Another, unexpected feature ofthese solutions is
that the mantle layer of the North American lithosphere is entirely
stripped away from the region west of the Rockies. This provides a
simple unifying explanation for the cause, location, and timing of
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problem (11) that permit the calculation of crust and mantle-
lithosphere displacement, thickness, and temperature through time.
The boundary conditions of the simulation are obtained from plate
tectonic theory and are reasonably certain.
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but it does consistently predict a curved belt of crustal compression
with the correct location, timing, and orientation. (However, the
amplitude is adjustable, because it depends on the assumed rheolo-
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What do flat slabs do?

516 GEOLOGY, June 2007

The three-dimensional Wadati-Benioff zone of 
the Nazca slab (Fig. 4), built by hypocenter relo-
cation database from Engdahl et al. (1998), shows 
that the Nazca Ridge buoyancy (Vogt et al., 1976; 
Kelleher and McCann, 1976) controls the dynam-
ics and the geometry of the Nazca slab beneath 
the South American lithosphere (Gutscher et al., 
1999b). The subducting lithosphere descends at 

an angle of ~30° from the trench to a depth of 
100–120 km, then extends horizontally beneath 
the South American lithosphere to sink in the 
upper mantle 700 km farther from the trench. 
The reconstruction of the Nazca Ridge beneath 
the South American lithosphere (Fig. 1) (Hampel, 
2002) indicates that the Nazca Ridge supports 
an ~785-km-long fl at segment reaching the Ama-

zonian foreland basin beneath the Fitzcarrald arch. 
The lithospheric section of the Nazca fl at slab seg-
ment beneath the Andes (Fig. 5B) (Gutscher et al., 
1999b), shows an intermediate-depth seismic gap 
that is interpreted as the subducted continuation of 
the Nazca Ridge (Gutscher et al., 1999b; Hampel, 
2002). The curvature of the Nazca slab linked to 
the buoyant Nazca Ridge segment is of the same 
order of magnitude as, and superimposed on, that 
of the Fitzcarrald arch bulge (Fig. 5A).

TIMING OF THE FITZCARRALD 
ARCH UPLIFT

In the Peruvian forearc, the Nazca Ridge sub-
duction started at 11.2 Ma (Fig. 1) (Hampel, 
2002). Its southward migration between 11°S 
and 17°S has been recorded in the geomorphol-
ogy and sedimentary facies of the forearc and 
accompanied by an uplift of more than 500 m 
of the Pacifi c coast (von Huene and Suess, 1988; 
Hsu, 1992; Macharé and Ortlieb, 1992; Le Roux 
et al., 2000; Hampel, 2002). In the Amazonian 
foreland basin, recent studies (Räsänen et al., 
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Figure 1. Geodynamic setting of the Peruvian 
Andes and its associated Amazonian foreland 
basin. The base map is produced using bathy-
metric data from the Geosat and ERS-1 spacecraft 
(Smith and Sandwell, 1997) and elevation data from 
NASA (National Aeronautics and Space Adminis-
tration) SRTM (Shuttle Radar Topographic Mission) 
Gtopo 30. Note that the western part of the Amazon 
basin consists of two main subsiding basins—the 
northern Amazonian foreland basin (NAFB) and 
the southern Amazonian foreland basin (SAFB)—
separated by the Fitzcarrald arch. To the east, the 
Fitzcarrald arch is bounded by the eastern Ama-
zon basin (EAB). This arch is superimposed on the 
present-day reconstruction of the subducted part 
of the Nazca Ridge (Hampel, 2002, modifi ed). The 
ridge reconstruction at 11.2 Ma is shown (Hampel, 
2002). The easternmost edge of the Nazca Ridge 
represented by dotted line is not involved in the fl at 
slab segment. The black dashed line (E–F) locates 
the deep seismicity section of Figure 5. Depth con-
tours to Wadati-Benioff zone are from Gutscher 
et al. (1999b), and plate convergence vector is from 
Gripp and Gordon (2002).
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Figure 2. A: Digital elevation model of the Fitzcarrald 
arch (DEM SRTM 90 m from NASA data). The arch 
is characterized by a radial drainage network (white 
arrows) that defi nes the northern Amazonian foreland 
basin (NAFB), southern Amazonian foreland basin 
(SAFB), and eastern Amazon basin (EAB). White 
lines show the location of the seismic lines used to 
build the composite seismic section (C–D) of Figure 
3. Cross-points MW and PW locate the Mashansha 
and Panguana wells, respectively. Bedding bound-
aries are indicated by black lines with bars toward 
the scarp. Stars indicate study zones of Neogene 
outcrops: black stars from Hovikoski et al. (2005), 
white stars from our study. B: Topographic profi le 
(dashed white line A–B) perpendicular to the axis of 
the arch showing the asymmetric shape of the arch. 
The asymmetric shape of the arch is demonstrated 
by bedding dip where parallel to the topography 
(gray lines). The scarps are numbered from 1 to 7.
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The three-dimensional Wadati-Benioff zone of 
the Nazca slab (Fig. 4), built by hypocenter relo-
cation database from Engdahl et al. (1998), shows 
that the Nazca Ridge buoyancy (Vogt et al., 1976; 
Kelleher and McCann, 1976) controls the dynam-
ics and the geometry of the Nazca slab beneath 
the South American lithosphere (Gutscher et al., 
1999b). The subducting lithosphere descends at 

an angle of ~30° from the trench to a depth of 
100–120 km, then extends horizontally beneath 
the South American lithosphere to sink in the 
upper mantle 700 km farther from the trench. 
The reconstruction of the Nazca Ridge beneath 
the South American lithosphere (Fig. 1) (Hampel, 
2002) indicates that the Nazca Ridge supports 
an ~785-km-long fl at segment reaching the Ama-

zonian foreland basin beneath the Fitzcarrald arch. 
The lithospheric section of the Nazca fl at slab seg-
ment beneath the Andes (Fig. 5B) (Gutscher et al., 
1999b), shows an intermediate-depth seismic gap 
that is interpreted as the subducted continuation of 
the Nazca Ridge (Gutscher et al., 1999b; Hampel, 
2002). The curvature of the Nazca slab linked to 
the buoyant Nazca Ridge segment is of the same 
order of magnitude as, and superimposed on, that 
of the Fitzcarrald arch bulge (Fig. 5A).

TIMING OF THE FITZCARRALD 
ARCH UPLIFT

In the Peruvian forearc, the Nazca Ridge sub-
duction started at 11.2 Ma (Fig. 1) (Hampel, 
2002). Its southward migration between 11°S 
and 17°S has been recorded in the geomorphol-
ogy and sedimentary facies of the forearc and 
accompanied by an uplift of more than 500 m 
of the Pacifi c coast (von Huene and Suess, 1988; 
Hsu, 1992; Macharé and Ortlieb, 1992; Le Roux 
et al., 2000; Hampel, 2002). In the Amazonian 
foreland basin, recent studies (Räsänen et al., 
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basin. The base map is produced using bathy-
metric data from the Geosat and ERS-1 spacecraft 
(Smith and Sandwell, 1997) and elevation data from 
NASA (National Aeronautics and Space Adminis-
tration) SRTM (Shuttle Radar Topographic Mission) 
Gtopo 30. Note that the western part of the Amazon 
basin consists of two main subsiding basins—the 
northern Amazonian foreland basin (NAFB) and 
the southern Amazonian foreland basin (SAFB)—
separated by the Fitzcarrald arch. To the east, the 
Fitzcarrald arch is bounded by the eastern Ama-
zon basin (EAB). This arch is superimposed on the 
present-day reconstruction of the subducted part 
of the Nazca Ridge (Hampel, 2002, modifi ed). The 
ridge reconstruction at 11.2 Ma is shown (Hampel, 
2002). The easternmost edge of the Nazca Ridge 
represented by dotted line is not involved in the fl at 
slab segment. The black dashed line (E–F) locates 
the deep seismicity section of Figure 5. Depth con-
tours to Wadati-Benioff zone are from Gutscher 
et al. (1999b), and plate convergence vector is from 
Gripp and Gordon (2002).
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Figure 2. A: Digital elevation model of the Fitzcarrald 
arch (DEM SRTM 90 m from NASA data). The arch 
is characterized by a radial drainage network (white 
arrows) that defi nes the northern Amazonian foreland 
basin (NAFB), southern Amazonian foreland basin 
(SAFB), and eastern Amazon basin (EAB). White 
lines show the location of the seismic lines used to 
build the composite seismic section (C–D) of Figure 
3. Cross-points MW and PW locate the Mashansha 
and Panguana wells, respectively. Bedding bound-
aries are indicated by black lines with bars toward 
the scarp. Stars indicate study zones of Neogene 
outcrops: black stars from Hovikoski et al. (2005), 
white stars from our study. B: Topographic profi le 
(dashed white line A–B) perpendicular to the axis of 
the arch showing the asymmetric shape of the arch. 
The asymmetric shape of the arch is demonstrated 
by bedding dip where parallel to the topography 
(gray lines). The scarps are numbered from 1 to 7.
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Fig. S2: Surface topography (a) and seismic tomography
13

 at 120 km depth (b) of 

western South America. The dashed red lines indicate slab contours
14

 at 100 and 150 

km depth, respectively. The dashed black ellipse represents the putative Inca plateau 

subducting beneath Peru
14

. Note the topography low (presumably subsidence) above the 

Inca plateau which shows up as a fast seismic anomaly in b. Both surface subsidence 

and flat-slab formation associated with the subducting Inca plateau makes it a present-

day analogy of our model where subduction of the Shatsky conjugate plateau caused the 

slab to flatten while simultaneously inducing surface subsidence above the plateau 

during the Late Cretaceous.  

 

 

Make 
things go 
down?

Liu et al., Nature Geosci, Suppl. 
Mat., 2010

As an aside, the Skinner et al. 2013 paper argues that due to asymmetry in spreading in Pacific, Inca Plateau is 600 km farther east than shown here
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Fig. 4. Length of the flat slab segment at model time t = 14.4Ma
for several values of the transition temperature Ttr and average
upper mantle viscosity η̄UM. Solid lines represent situations with a
plateau, dashed lines without. Only the Ttr = 600 and 700 ◦C cal-
culations with intermediate mantle strength, and the Ttr = 800 ◦C
with the weakest mantle show the observed characteristics at Peru,
i.e. flat subduction with a plateau, and steep without. Figure from
(van Hunen et al., 2002a).

model. The decrease essentially replaces the plateau
by an oceanic crust with normal thickness, while the
increase ‘doubles’ the plateau thickness. The under-
lying harzburgite thickness is proportionally adjusted.
This change in plateau thickness has an influence on
the flat slab length, and we tried to compensate this ef-
fect by adjusting the overriding plate motion so that we

Table 3
Model calculations

Model Age
(Ma)

Ttr (◦C) η̄UM
(×1020 Pa s)

τy (MPa) WMW
(×1000 km2)

vov
(cm per year)

Dcr (km) Tpot (◦C)

A 45 600 3.5 300 10 3 18 1300
A+ 45 600 3.5 300 10 0–3 29 1300
A− 45 600 3.5 300 10 3–6 7 1300
B 45 700 3.5 300 10 3 18 1300
B+ 45 700 3.5 300 10 0–3 29 1300
B− 45 700 3.5 300 10 3–6 7 1300
C 45 800 2.0 300 10 3 18 1300
C+ 45 800 2.0 300 10 0–3 29 1300
C− 45 800 2.0 300 10 3–6 7 1300
D45 45 400–800 2, 3.5, 6.5 200, 300, 500 6, 10, 24 1–5 7 1300
D37 36 400–800 2, 3.5, 6.5 200, 300, 500 6, 10, 24 1–5 7 1300
D25 22 400–800 2, 3.5, 6.5 200, 300, 500 6, 10, 24 1–5 7 1300
E45 45 600–800 2, 3.5, 6.5 200, 300 6, 10, 24 0 18 1300
E37 36 600–800 2, 3.5, 6.5 200, 300 6, 10, 24 0 18 1300
E25 22 600–800 2, 3.5, 6.5 200, 300 6, 10, 24 0 18 1300
E15 15 600–800 2, 3.5, 6.5 200, 300 6, 10, 24 0 18 1300
F 45 400–800 10 200 0 5 7, 9, 11 1300, 1338, 1375

Fig. 5. Relative importance of the overriding plate motion and
plateau subduction for modified versions of models A–C at model
time t = 15Ma. Lengths of the flat slab are for models with a
‘twice-as-thick’ plateau (solid lines) and without a plateau (dashed
lines) for several overriding plate motion adjustments (with respect
to the default overriding plate motion of 3 cm per year at Peru).
Flat slab length differences #Lfs are measured with respect to the
lengths obtained in model A–C. Figure modified after (van Hunen
et al., 2002a).

again obtain approximately the original flat slab length
from models A–C, respectively. By doing so, we have
a measure to compare the effects of the plateau and
the overriding lithosphere. Results for this procedure
for each of the models A+, B+, C+, A−, B−, and C−

are shown in Fig. 5. The changed plateau thickness
is roughly compensated by #vov ≈ 1.5 cm per year

Oceanic plateau under some 
circumstances

(Models with plateau solid lines, without dashed)
van Hunen et al., PEPI, 2004
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Fig. 4. Length of the flat slab segment at model time t = 14.4Ma
for several values of the transition temperature Ttr and average
upper mantle viscosity η̄UM. Solid lines represent situations with a
plateau, dashed lines without. Only the Ttr = 600 and 700 ◦C cal-
culations with intermediate mantle strength, and the Ttr = 800 ◦C
with the weakest mantle show the observed characteristics at Peru,
i.e. flat subduction with a plateau, and steep without. Figure from
(van Hunen et al., 2002a).

model. The decrease essentially replaces the plateau
by an oceanic crust with normal thickness, while the
increase ‘doubles’ the plateau thickness. The under-
lying harzburgite thickness is proportionally adjusted.
This change in plateau thickness has an influence on
the flat slab length, and we tried to compensate this ef-
fect by adjusting the overriding plate motion so that we

Table 3
Model calculations

Model Age
(Ma)

Ttr (◦C) η̄UM
(×1020 Pa s)

τy (MPa) WMW
(×1000 km2)

vov
(cm per year)

Dcr (km) Tpot (◦C)

A 45 600 3.5 300 10 3 18 1300
A+ 45 600 3.5 300 10 0–3 29 1300
A− 45 600 3.5 300 10 3–6 7 1300
B 45 700 3.5 300 10 3 18 1300
B+ 45 700 3.5 300 10 0–3 29 1300
B− 45 700 3.5 300 10 3–6 7 1300
C 45 800 2.0 300 10 3 18 1300
C+ 45 800 2.0 300 10 0–3 29 1300
C− 45 800 2.0 300 10 3–6 7 1300
D45 45 400–800 2, 3.5, 6.5 200, 300, 500 6, 10, 24 1–5 7 1300
D37 36 400–800 2, 3.5, 6.5 200, 300, 500 6, 10, 24 1–5 7 1300
D25 22 400–800 2, 3.5, 6.5 200, 300, 500 6, 10, 24 1–5 7 1300
E45 45 600–800 2, 3.5, 6.5 200, 300 6, 10, 24 0 18 1300
E37 36 600–800 2, 3.5, 6.5 200, 300 6, 10, 24 0 18 1300
E25 22 600–800 2, 3.5, 6.5 200, 300 6, 10, 24 0 18 1300
E15 15 600–800 2, 3.5, 6.5 200, 300 6, 10, 24 0 18 1300
F 45 400–800 10 200 0 5 7, 9, 11 1300, 1338, 1375

Fig. 5. Relative importance of the overriding plate motion and
plateau subduction for modified versions of models A–C at model
time t = 15Ma. Lengths of the flat slab are for models with a
‘twice-as-thick’ plateau (solid lines) and without a plateau (dashed
lines) for several overriding plate motion adjustments (with respect
to the default overriding plate motion of 3 cm per year at Peru).
Flat slab length differences #Lfs are measured with respect to the
lengths obtained in model A–C. Figure modified after (van Hunen
et al., 2002a).

again obtain approximately the original flat slab length
from models A–C, respectively. By doing so, we have
a measure to compare the effects of the plateau and
the overriding lithosphere. Results for this procedure
for each of the models A+, B+, C+, A−, B−, and C−

are shown in Fig. 5. The changed plateau thickness
is roughly compensated by #vov ≈ 1.5 cm per year

Rapidly moving upper plate 
under some circumstances

(Models with doubly thick plateau solid lines, no plateau dashed)
van Hunen et al., PEPI, 2004
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(for the stronger mantle models) to 3 cm per year (for
the weaker mantle model) change in the overriding
plate motion. Taken the observed Nazca Ridge crustal
thickness, and the South-American absolute plate mo-
tion, these model calculations suggest that the effect
of the South-American plate motion is roughly once
to twice as important as the effect of the subducting
Nazca Ridge.

3.3. The influence of each of the mechanisms
separately on the subduction dip angle

Results from the Section 3.2 show that a combina-
tion of each of the proposed mechanisms, i.e. trench-
ward overriding plate motion, a subducting oceanic
plateau, and possibly slab suction forces, can result in
shallow flat subduction. Next, we will determine the
applicability of this model to other present-day flat
subduction sites, where not all three mechanisms seem
to be present. If we remove one of the mechanisms,
the length of the flat slab segment will diminish or
vanish completely. We used the Peru model to inves-
tigate how the model parameters should be changed
to induce flat subduction with only the presence of an
overriding continent, or a subducting oceanic plateau.
To do so, we started with Peru model A− (i.e. with-

out the oceanic plateau, see Table 3). Fig. 4 shows
that this model does not show any flat subduction.
We systematically changed some of the important
physical model parameters separately in this model
to observe its influence on the flat slab length. We
refer to this model as model D (see again Table 3).
The dynamics of subducting plates of three different
ages at the trench was examined: 45Ma (model D45),
36Ma (D36), and 22Ma (D22). We varied the aver-
age upper mantle viscosity value of 3.5 × 1020 Pa s
in model D to the smaller and larger values of 2 and
6.5×1020 Pa s. Furthermore, we varied the overriding
plate velocity vov = 3 cm per year with ±2 cm per
year, the maximum yield stress τy of the material from
300MPa (medium yield stress model or MYS model)
to 200 (small YS or SYS model) and 500MPa (large
YS or LYS model), and the transition temperature Ttr
between 400 and 800 ◦C. Finally, the size of the weak
part of the mantle wedge was changed from horizontal
and vertical dimensions of 250 km × 40 km (referred
to as the medium weak mantle wedge (WMW) or
MWMW model) to a smaller and larger weak man-

Fig. 6. Compilations of model calculations without an oceanic
plateau. Several important model parameters are varied around
the values from Peru model A. Most important parameters are
the average upper mantle viscosity η̄UM, age of the slab, and
overriding plate velocity vov, while eclogitisation kinetics (varied
through variation in Ttr ), slab yield stress τy and size of the weak
mantle wedge seem to be of minor importance.

tle wedge area of 150 km × 40 km (small WMW
or SWMW), and 400 km × 60 km (large WMW or
LWMW), respectively. Results are displayed in Fig. 6.
Lowering the age of the slab, increasing vov, or in-
creasing the average mantle viscosity η̄UM all result
in a development of a flat slab segment. Effects of the
transition temperature Ttr and the slab strength τy are
less important under these circumstances. A change in
the size of the weak mantle wedge does seem to have
even less influence. These results suggest that the pa-
rameter combination of Peru model A is already quite
close to the settings that are needed for a flat slab,
because only a slight change in any of the important
model parameters already leads to a flat slab.
We continue with the examination of the situation

without an overriding plate motion. We adapted the
Peru model B (i.e. with η̄UM = 3.5 × 1020 Pa s and
Ttr = 700 ◦C) to a new model E by setting the over-
riding plate motion to vov = 0 cm per year. Not sur-
prisingly, this immediately results in the absence of
flat subduction. To obtain a smaller subduction dip
angle again, we have to modify other model parame-
ters to favor flat subduction again. One obvious choice
for such modification is to reduce the age of the sub-
ducting plate: the age of the subducting plate at Peru
is about 45Ma, but at several other flat slab areas

van Hunen et al., PEPI, 2004

Metastable basalt
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reconstructing and do not affect our locations based on finite
rotations (Cande and Haxby, 1991).

We have confidence in our rotation model and methods based on
the agreement of the location of our hypothetical conjugates with
observable bathymetric features shown in Supplementary Fig. 3 and
the ability of our reconstructed conjugates to predict the location of
observed magnetic isochrons (Fig. 2). Our method of reconstruction
is an improvement over past studies because we use global plate
circuits that allow us to constrain positions relative to South America
through time. Additionally the rotation models that we use cover a
longer span of time than those used previously and provide finite
rotations for a larger number of isochrons, which means the size and
orientation of conjugate bathymetric features can evolve based on
plate motions instead of being predefined. We have tested the plate
rotation model used in our reconstructions (Müller et al., 2008)
against four other published rotation models (Mayes et al., 1990;
Pardo-Casas and Molnar, 1987; Pilger, 1981; Tebbens and Cande,
1997). See Supplementary Tables 1 and 2 for the rotations used.
Supplementary Fig. 2 shows the close agreement between these
models in reconstructing chrons 10 and 13. Note that our reconstruc-
tion of the Inca Plateau is 600 km east of the original location
proposed by Gutscher et al. (1999). We believe that our reconstruc-
tions, that use data from both sides of the spreading ridge, do a better
job predicting the location of observable features. A key feature that
cannot be accounted for by the half-stage rotation model used in
previous reconstructions is the observed asymmetry in spreading
along the East Pacific Rise (Müller et al., 2008).

In order to visualize the spatial and temporal relations between
our conjugate features and the proposed historic zones of flat
subduction, we track points along the centerline of the bathy-
metric anomalies and calculate the distance from each flat slab.
The proximity of the subducting feature is plotted in Fig. 3,
together with a gray box that represents the spatial and temporal
extent of the flat slab as reported by Ramos and Folguera (2009).

For one of our conjugate features to be considered as a cause for
the flat slab we expect it to intersect the target region near the
onset of shallow subduction. The results for each slab are dis-
cussed below:

Carnegie slab (3 Ma–present): Although the Carnegie slab is a
very small target, we track several impactors that arrive at the
trench well before the development of the flat slab. The
lithosphere currently subducting here is related to Nazca–Cocos
spreading that started after 26 Ma and Pacific–Nazca conju-
gates are not applicable to this flat slab at this point.
Peruvian slab (11–0 Ma): The Peruvian slab has numerous
impactors that reach well into the target zone and can be
considered as possible causes of the flat slab. The issue with the
Peruvian slab, however, is that there have been impactors for
the twenty million years preceding the present day flat slab. If
this portion of the South American margin has been consis-
tently seeing bathymetric highs subduct it cannot be the
subducting bathymetric high itself that supports the flattening
of the slab. As shown in Fig. 2, our reconstruction of the
conjugate to the Marquesas Plateau is 600 km to the east of
the location of Gutscher et al. (1999). This makes it less likely to
be the direct cause of the flat slab in Peru.
Altiplano slab (40–32 Ma to 27–18 Ma): The Altiplano slab
appears to be anti-correlated with impactors. This portion of
the margin has seen numerous impactors but they all postdate
the flattening of the slab, and the majority of them arrive once
the slab has resumed a steep geometry.
Puna slab (18–12 Ma): The short lived Puna flat slab has no
impactors at the onset, but again there are impactors that occur
once the slab has ceased to be flat. The impactors that hit after
the flat slab are on the larger end of what we have measured, so
we cannot use the size of impactor to explain why some have
an effect while others do not.
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subducted bathymetric anomalies. The present day connection of
the Pampean slab with the Juan Fernandez Ridge, the Peruvian
slab with the Nazca Ridge, and the Carnegie slab with the Carnegie
Ridge are the only examples where there is a correlation, out of 15
cases. We argue against these as the cause of the flat slabs based
on the fact that the Nazca Ridge is not as wide as the flat slab it
creates and that the Juan Fernandez Ridge is a discontinuous
structure and neither has large anomalous buoyancy.

We find that there is not a very good correlation between
possible subducting anomalies in the past and inferred periods of
flat or shallow subducting along the South American margin.
The lack of a correlation between subducting anomalies and flat
slabs in both the past and present implies that it cannot be the
direct cause of flat slab subduction. If we look at the present-day
spatially correlated flat slabs and subducting anomalies we can see
that the flat slabs are not confined to the location of the subduct-
ing anomaly, which further casts doubt on the anomaly as the
direct cause. We envision a change in mantle dynamics induced by
the subducting anomaly as one possible explanation for flat slabs

that persist in the wake of a subducting anomaly. This does not
rely on the buoyancy of the subducting anomaly itself.

Based on our analysis of the flat subduction in central Mexico
(Skinner and Clayton, 2011) we prefer a model of mantle hydration
to induce shallow and flat slabs(Billen and Gurnis, 2001; Manea
and Gurnis, 2007). The hydration process may be aided by
subduction erosion brought on by the subducting of a bathymetric
high in addition to highly altered and hydrated crust or mantle.
There is evidence for the hydration process in Mexico in the form
of a low viscosity layer that decouples the flat slab and the
overriding crust (Kim et al., 2010). Additional evidence for hydra-
tion includes mantle xenoliths found in Mexico with water content
in excess of 8 wt% (Blatter and Carmichael, 1998).

It appears that there is likely not a single cause of flat slabs.
Over geologic time, the mantle can become transiently hetero-
geneous and it is these anomalies that lead to the diversity of
subduction zone geometries that we observe today. The sugges-
tion of orogenic cycles (DeCelles et al., 2009) may be a controlling
process, with impactors only having an effect if the subduction is
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Fig. 3. Location of Pacific–Farallon/Nazca conjugate features relative to a given flat slab. We have placed points along Pacific plate bathymetric highs, and created conjugate features using standard plate reconstruction techniques and the rotation model of Müller et al. (2008). A plot for each flat slab shows the proximity of a 
reconstructed point on the bathymetric anomaly to that flat slab, plotted as a function of time. The thickness of the line scales with the crustal volume in a 100 km 200 km box around the Pacific plate conjugate point. The grey box represents the spatial and temporal extent of the flat slab from Ramos and Folguera (2009). 
We expect impactors to pass through this target zone if the buoyancy hypothesis is the cause of the flat slab. The map shows the location of the flat slabs along the South American margin (Ramos and Folguera, 2009). The black triangles are the point from which our distances are calculated. See Supplementary Table 3 for 
information about the conjugate points.



Where is flat slab today?
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Figure 3 | Configuration of the subducting Farallon slab and the corresponding surface dynamic topography along profile AA’ (shown in Fig. 2). Three
representative times (a–c) during the Late Cretaceous to Early Palaeocene are chosen. The dynamic topography is shown with green lines.
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Figure 4 | Location and geometry of the Shatsky and Hess conjugate plateaux inside the present-day mantle.Map view at two different depths (900
and 1,300 km) and cross-sectional view at three latitudes (45�, 41� and 33� N). Tracers highlight the predicted locations and distributions of these
plateaux. The Shatsky conjugate is to the east of the Great Lakes and the Hess conjugate is to the south. CMB, core–mantle boundary.

southwest–northeast trend with a maximum of ⇥600m uplift
occurring during the Late Cretaceous over the Colorado Plateau
(Fig. 3). This corresponds to regional uplifts starting as early as
80Myr bp and peaking at 70–60Myr bp across the Laramide
province, and the overall eastward migration of marine conditions
from the Sevier foredeep region to regions further into the
continental interior11. The amount of predicted uplift by the
Eocene epoch agrees with the inferred kilometre-scale rock uplift
over the southern Colorado Plateau20. Removal of the Shatsky
conjugate, by its sinking northeastward into the mantle, may
have further facilitated fault reactivation, causing distributed
basement uplifts intervened by the Laramide foredeep basins11,14,
although we do not yet understand the details of the process. Our

study, therefore, may explain the 20Myr lag-time between the
Late Cretaceous (⇥80Myr bp) shortening deformations and early
Palaeocene (⇥60Myr bp) cooling events of the Laramide orogeny11.

Our geodynamic model also predicts the locations and geome-
tries of the deeply subducted rise conjugates in the present-day
mantle using tracers (Fig. 4). Both conjugates are now situated
under the east coast of the United States, with the Shatsky conjugate
to the east of the Great Lakes and the Hess conjugate to the south.
The Shatsky conjugate is predicted to extend from 900 to 1,400 km
in depth, covering ⇥1,000 km in the north–south direction and
⇥500 km east–west; the Hess conjugate essentially stays above
1,000 km depth with ⇥500 km cross-sectional dimensions (Fig. 4).
A recent high-resolution P-wave seismic inversion24 reveals similar
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beneath the continent’s western margin for about
200 Myr. Continuous absolute westward motion
has moved the present‐day North American litho-
sphere to overlie that former Farallon seafloor.

[3] The imaged geometry of this subducted mate-
rial is complex. Structural complications, and not
just on small scales, have become ever more
apparent as tomographic resolving power has

Figure 1. Mantle provinces under North America. (top) Schematic summary of large‐scale structure present in the
tomographic P wave model. The North American mantle is dominated by seismically fast anomalies (subducted slabs)
at all depth levels from 0 to 1800 km down (light blue, mostly above 700 km; dark blue, mostly below). Slow anoma-
lies do not reach much deeper than 1000 km (light red, mostly above 400 km; dark red, below 400 km). Province
outlines were obtained as outlines of the anomalies seen in the “3‐D maps” of Figures 9 and 10. Dashed outline
inside the Cascadia province marks the deep “root” of this subduction system. (bottom) Plate motions over the past
100 Myr in an absolute frame of reference, according to O’Neill et al. [2005]. Line colors mark time in 20 Myr
increments; solid lines are trenches and dashed lines are ridges and transform faults. Black lines are structural breaks
as inscribed at top. The overarching pattern is a continuous westward migration of the Farallon‐North America trench
as the Atlantic Ocean kept spreading. Mantle provinces are shaded gray. If subducted material sank only vertically and
tomography and tectonic reconstructions were complete and accurate, then every trench line should be overlying a fast
mantle province at all times.
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...or is it even Farallon?

Slabs and arcs at stationary trenches
Figure 2a and b shows how a steep, widened slabwall could be piled up
by nearly vertical sinking beneath a long-lived, stationary trench and
volcanic arc. An Andean-style west-coast trench could not have been
stationary because North America moved westward as the Atlantic
Ocean spread. This contradiction is resolved bywestward intra-oceanic

subduction before the arrival of the continent, followed by a polarity
switch of subduction to its current eastwardmotion into a continental-
margin trench (Fig. 2c). Such a scenario implies that the imaged lower-
mantle slabs MEZ/ANG/SF are Jurassic to Cretaceous in age, allowing
the collisionofNorthAmericawith their subduction zones to cause the
Cretaceous terrane accretions.
To the extent that slabs sink vertically, they record palaeo-arc and

trench locations in an absolute sense. Thus, vertical sinking permits
quantitative predictions of the location and timing of continent-trench
collisions when tomography and absolute plate reconstructions are
combined. These predictions can be tested against the docking times
of arc terranes inferred from land geology. Abrupt upward truncations
of the slabwalls, which are well resolved tomographically (Supplemen-
tary Fig. 2), correspond to the shutdown of the overlying trench-arc
systems, and hence to docking times (Fig. 2).
If the trench remains stationary, a vertical slab pile is deposited

beneath it. If the trenchmoves (but every parcel of slab sinks vertically),
the imaged slab will dip towards older trench locations, assuming no
dramatic lateral variations in sinking rate. The observed lower-mantle
walls are widened to 400–600 km laterally, that is, 4–6 times the thick-
ness of oceanic lithosphere—this is not artificial blur, but the actual
reason for their robust tomographic visibility18. Thickening is probably
achieved by slab folding above the 670-km viscosity jump, deviations
from vertical sinking being due mainly to the folding process itself
(Fig. 2). In convection models, slab folding occurs preferentially
beneath the kind of stationary trenches postulated here18–20. Massive,
thickened slabs like these can be expected to be the drivers of ‘mantle
wind’, rather than blowing in it: that is, if anything sinks vertically, it
should be these slabs.
Such slab walls indicate that their overlying trenches remained in

the same absolute locations for a long time, with arc and accretionary
complex growth stationed above these locations. Observation of mas-
sive slabwalls leadsus to thinkof their associated, intra-oceanic trenches
as ‘terrane stations’ where new crustal material is gathered to await
transfer to a continental margin. Terrane stations above ANG and
MEZ were not conveyed eastward into a continental Farallon trench.
Rather, North America migrated westward, collided, and accreted the
ANGandMEZ terrane stations.Hence slabwalls tie the now-displaced
terranes to a laterally unchanged subsurface, constraining absolute loca-
tions and temporal evolution of oceanic trenches more than a hundred
million years after their demise.
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Figure 1 | Slabs under North America and continental motion over time.
a, Subducted slabs at and below 900 km depth. P-wave tomography model13

rendered as three-dimensional (3D) isosurface contours, which enclose faster-
than-average structure (threshold dvP/vP5 0.25%, where vP is the P-wave
velocity). Colour signifies depth and changes every 200 km; the scene is
illuminated to convey 3D perspective. At a sinking rate of about 10mmyr21,
this slab assemblage should have been deposited from about 200Myr ago to
90Myr ago. Reconstructed continent positions at 140Myr ago are shown in a
hotspot reference frame21 and at 170Myr ago in a hotspot/palaeomagnetic

hybrid frame22. The hatched area represents location uncertainty for
continental margin during Jurassic/Cretaceous times; the cross-hatched area
shows terranes that accreted during Cretaceous and early Tertiary times.
b, Interpretative legend. The slab walls divide into four groups: Cascadia/
Northern Farallon slabs (blue) and Southern Farallon slabs (green), owing to
eastward subduction; Angayucham (ANG, red) and Mezcalera (MEZ, orange)
slabs, owing towestward subduction. Before 140Myr ago, sizeable ocean basins
separated North America from the ANG/MEZ trenches.
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Figure 2 | Schematic cross-section and evolution of a terrane station. tc
denotes the time of arc-continent collision. Motions are shown in a lower-
mantle reference frame. a, Well before the collision, both trench and arc are
active. Slab buckling is due to the viscosity contrast around 670 km, but the
backlog reaches into the upper mantle. b, Around tc and up to about 10Myr
later, the continent overrides the trench and accretes its arc terranes, while the
slab breaks. c,Well after the collision, the slab wall continues to sink. Seaward, a
new Andean-style subduction has developed. Anchored in the lower mantle,
the slab wall is sinking vertically at a steady-state rate of approximately
10mmyr21 in all three panels.
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Slabs and arcs at stationary trenches
Figure 2a and b shows how a steep, widened slabwall could be piled up
by nearly vertical sinking beneath a long-lived, stationary trench and
volcanic arc. An Andean-style west-coast trench could not have been
stationary because North America moved westward as the Atlantic
Ocean spread. This contradiction is resolved bywestward intra-oceanic

subduction before the arrival of the continent, followed by a polarity
switch of subduction to its current eastwardmotion into a continental-
margin trench (Fig. 2c). Such a scenario implies that the imaged lower-
mantle slabs MEZ/ANG/SF are Jurassic to Cretaceous in age, allowing
the collisionofNorthAmericawith their subduction zones to cause the
Cretaceous terrane accretions.
To the extent that slabs sink vertically, they record palaeo-arc and

trench locations in an absolute sense. Thus, vertical sinking permits
quantitative predictions of the location and timing of continent-trench
collisions when tomography and absolute plate reconstructions are
combined. These predictions can be tested against the docking times
of arc terranes inferred from land geology. Abrupt upward truncations
of the slabwalls, which are well resolved tomographically (Supplemen-
tary Fig. 2), correspond to the shutdown of the overlying trench-arc
systems, and hence to docking times (Fig. 2).
If the trench remains stationary, a vertical slab pile is deposited

beneath it. If the trenchmoves (but every parcel of slab sinks vertically),
the imaged slab will dip towards older trench locations, assuming no
dramatic lateral variations in sinking rate. The observed lower-mantle
walls are widened to 400–600 km laterally, that is, 4–6 times the thick-
ness of oceanic lithosphere—this is not artificial blur, but the actual
reason for their robust tomographic visibility18. Thickening is probably
achieved by slab folding above the 670-km viscosity jump, deviations
from vertical sinking being due mainly to the folding process itself
(Fig. 2). In convection models, slab folding occurs preferentially
beneath the kind of stationary trenches postulated here18–20. Massive,
thickened slabs like these can be expected to be the drivers of ‘mantle
wind’, rather than blowing in it: that is, if anything sinks vertically, it
should be these slabs.
Such slab walls indicate that their overlying trenches remained in

the same absolute locations for a long time, with arc and accretionary
complex growth stationed above these locations. Observation of mas-
sive slabwalls leadsus to thinkof their associated, intra-oceanic trenches
as ‘terrane stations’ where new crustal material is gathered to await
transfer to a continental margin. Terrane stations above ANG and
MEZ were not conveyed eastward into a continental Farallon trench.
Rather, North America migrated westward, collided, and accreted the
ANGandMEZ terrane stations.Hence slabwalls tie the now-displaced
terranes to a laterally unchanged subsurface, constraining absolute loca-
tions and temporal evolution of oceanic trenches more than a hundred
million years after their demise.
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Figure 1 | Slabs under North America and continental motion over time.
a, Subducted slabs at and below 900 km depth. P-wave tomography model13

rendered as three-dimensional (3D) isosurface contours, which enclose faster-
than-average structure (threshold dvP/vP5 0.25%, where vP is the P-wave
velocity). Colour signifies depth and changes every 200 km; the scene is
illuminated to convey 3D perspective. At a sinking rate of about 10mmyr21,
this slab assemblage should have been deposited from about 200Myr ago to
90Myr ago. Reconstructed continent positions at 140Myr ago are shown in a
hotspot reference frame21 and at 170Myr ago in a hotspot/palaeomagnetic

hybrid frame22. The hatched area represents location uncertainty for
continental margin during Jurassic/Cretaceous times; the cross-hatched area
shows terranes that accreted during Cretaceous and early Tertiary times.
b, Interpretative legend. The slab walls divide into four groups: Cascadia/
Northern Farallon slabs (blue) and Southern Farallon slabs (green), owing to
eastward subduction; Angayucham (ANG, red) and Mezcalera (MEZ, orange)
slabs, owing towestward subduction. Before 140Myr ago, sizeable ocean basins
separated North America from the ANG/MEZ trenches.
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Figure 2 | Schematic cross-section and evolution of a terrane station. tc
denotes the time of arc-continent collision. Motions are shown in a lower-
mantle reference frame. a, Well before the collision, both trench and arc are
active. Slab buckling is due to the viscosity contrast around 670 km, but the
backlog reaches into the upper mantle. b, Around tc and up to about 10Myr
later, the continent overrides the trench and accretes its arc terranes, while the
slab breaks. c,Well after the collision, the slab wall continues to sink. Seaward, a
new Andean-style subduction has developed. Anchored in the lower mantle,
the slab wall is sinking vertically at a steady-state rate of approximately
10mmyr21 in all three panels.
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Figure 2a and b shows how a steep, widened slabwall could be piled up
by nearly vertical sinking beneath a long-lived, stationary trench and
volcanic arc. An Andean-style west-coast trench could not have been
stationary because North America moved westward as the Atlantic
Ocean spread. This contradiction is resolved bywestward intra-oceanic

subduction before the arrival of the continent, followed by a polarity
switch of subduction to its current eastwardmotion into a continental-
margin trench (Fig. 2c). Such a scenario implies that the imaged lower-
mantle slabs MEZ/ANG/SF are Jurassic to Cretaceous in age, allowing
the collisionofNorthAmericawith their subduction zones to cause the
Cretaceous terrane accretions.
To the extent that slabs sink vertically, they record palaeo-arc and

trench locations in an absolute sense. Thus, vertical sinking permits
quantitative predictions of the location and timing of continent-trench
collisions when tomography and absolute plate reconstructions are
combined. These predictions can be tested against the docking times
of arc terranes inferred from land geology. Abrupt upward truncations
of the slabwalls, which are well resolved tomographically (Supplemen-
tary Fig. 2), correspond to the shutdown of the overlying trench-arc
systems, and hence to docking times (Fig. 2).
If the trench remains stationary, a vertical slab pile is deposited

beneath it. If the trenchmoves (but every parcel of slab sinks vertically),
the imaged slab will dip towards older trench locations, assuming no
dramatic lateral variations in sinking rate. The observed lower-mantle
walls are widened to 400–600 km laterally, that is, 4–6 times the thick-
ness of oceanic lithosphere—this is not artificial blur, but the actual
reason for their robust tomographic visibility18. Thickening is probably
achieved by slab folding above the 670-km viscosity jump, deviations
from vertical sinking being due mainly to the folding process itself
(Fig. 2). In convection models, slab folding occurs preferentially
beneath the kind of stationary trenches postulated here18–20. Massive,
thickened slabs like these can be expected to be the drivers of ‘mantle
wind’, rather than blowing in it: that is, if anything sinks vertically, it
should be these slabs.
Such slab walls indicate that their overlying trenches remained in

the same absolute locations for a long time, with arc and accretionary
complex growth stationed above these locations. Observation of mas-
sive slabwalls leadsus to thinkof their associated, intra-oceanic trenches
as ‘terrane stations’ where new crustal material is gathered to await
transfer to a continental margin. Terrane stations above ANG and
MEZ were not conveyed eastward into a continental Farallon trench.
Rather, North America migrated westward, collided, and accreted the
ANGandMEZ terrane stations.Hence slabwalls tie the now-displaced
terranes to a laterally unchanged subsurface, constraining absolute loca-
tions and temporal evolution of oceanic trenches more than a hundred
million years after their demise.
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Figure 1 | Slabs under North America and continental motion over time.
a, Subducted slabs at and below 900 km depth. P-wave tomography model13

rendered as three-dimensional (3D) isosurface contours, which enclose faster-
than-average structure (threshold dvP/vP5 0.25%, where vP is the P-wave
velocity). Colour signifies depth and changes every 200 km; the scene is
illuminated to convey 3D perspective. At a sinking rate of about 10mmyr21,
this slab assemblage should have been deposited from about 200Myr ago to
90Myr ago. Reconstructed continent positions at 140Myr ago are shown in a
hotspot reference frame21 and at 170Myr ago in a hotspot/palaeomagnetic

hybrid frame22. The hatched area represents location uncertainty for
continental margin during Jurassic/Cretaceous times; the cross-hatched area
shows terranes that accreted during Cretaceous and early Tertiary times.
b, Interpretative legend. The slab walls divide into four groups: Cascadia/
Northern Farallon slabs (blue) and Southern Farallon slabs (green), owing to
eastward subduction; Angayucham (ANG, red) and Mezcalera (MEZ, orange)
slabs, owing towestward subduction. Before 140Myr ago, sizeable ocean basins
separated North America from the ANG/MEZ trenches.
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Figure 2 | Schematic cross-section and evolution of a terrane station. tc
denotes the time of arc-continent collision. Motions are shown in a lower-
mantle reference frame. a, Well before the collision, both trench and arc are
active. Slab buckling is due to the viscosity contrast around 670 km, but the
backlog reaches into the upper mantle. b, Around tc and up to about 10Myr
later, the continent overrides the trench and accretes its arc terranes, while the
slab breaks. c,Well after the collision, the slab wall continues to sink. Seaward, a
new Andean-style subduction has developed. Anchored in the lower mantle,
the slab wall is sinking vertically at a steady-state rate of approximately
10mmyr21 in all three panels.
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Slabs and arcs at stationary trenches
Figure 2a and b shows how a steep, widened slabwall could be piled up
by nearly vertical sinking beneath a long-lived, stationary trench and
volcanic arc. An Andean-style west-coast trench could not have been
stationary because North America moved westward as the Atlantic
Ocean spread. This contradiction is resolved bywestward intra-oceanic

subduction before the arrival of the continent, followed by a polarity
switch of subduction to its current eastwardmotion into a continental-
margin trench (Fig. 2c). Such a scenario implies that the imaged lower-
mantle slabs MEZ/ANG/SF are Jurassic to Cretaceous in age, allowing
the collisionofNorthAmericawith their subduction zones to cause the
Cretaceous terrane accretions.
To the extent that slabs sink vertically, they record palaeo-arc and

trench locations in an absolute sense. Thus, vertical sinking permits
quantitative predictions of the location and timing of continent-trench
collisions when tomography and absolute plate reconstructions are
combined. These predictions can be tested against the docking times
of arc terranes inferred from land geology. Abrupt upward truncations
of the slabwalls, which are well resolved tomographically (Supplemen-
tary Fig. 2), correspond to the shutdown of the overlying trench-arc
systems, and hence to docking times (Fig. 2).
If the trench remains stationary, a vertical slab pile is deposited

beneath it. If the trenchmoves (but every parcel of slab sinks vertically),
the imaged slab will dip towards older trench locations, assuming no
dramatic lateral variations in sinking rate. The observed lower-mantle
walls are widened to 400–600 km laterally, that is, 4–6 times the thick-
ness of oceanic lithosphere—this is not artificial blur, but the actual
reason for their robust tomographic visibility18. Thickening is probably
achieved by slab folding above the 670-km viscosity jump, deviations
from vertical sinking being due mainly to the folding process itself
(Fig. 2). In convection models, slab folding occurs preferentially
beneath the kind of stationary trenches postulated here18–20. Massive,
thickened slabs like these can be expected to be the drivers of ‘mantle
wind’, rather than blowing in it: that is, if anything sinks vertically, it
should be these slabs.
Such slab walls indicate that their overlying trenches remained in

the same absolute locations for a long time, with arc and accretionary
complex growth stationed above these locations. Observation of mas-
sive slabwalls leadsus to thinkof their associated, intra-oceanic trenches
as ‘terrane stations’ where new crustal material is gathered to await
transfer to a continental margin. Terrane stations above ANG and
MEZ were not conveyed eastward into a continental Farallon trench.
Rather, North America migrated westward, collided, and accreted the
ANGandMEZ terrane stations.Hence slabwalls tie the now-displaced
terranes to a laterally unchanged subsurface, constraining absolute loca-
tions and temporal evolution of oceanic trenches more than a hundred
million years after their demise.
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Figure 1 | Slabs under North America and continental motion over time.
a, Subducted slabs at and below 900 km depth. P-wave tomography model13

rendered as three-dimensional (3D) isosurface contours, which enclose faster-
than-average structure (threshold dvP/vP5 0.25%, where vP is the P-wave
velocity). Colour signifies depth and changes every 200 km; the scene is
illuminated to convey 3D perspective. At a sinking rate of about 10mmyr21,
this slab assemblage should have been deposited from about 200Myr ago to
90Myr ago. Reconstructed continent positions at 140Myr ago are shown in a
hotspot reference frame21 and at 170Myr ago in a hotspot/palaeomagnetic

hybrid frame22. The hatched area represents location uncertainty for
continental margin during Jurassic/Cretaceous times; the cross-hatched area
shows terranes that accreted during Cretaceous and early Tertiary times.
b, Interpretative legend. The slab walls divide into four groups: Cascadia/
Northern Farallon slabs (blue) and Southern Farallon slabs (green), owing to
eastward subduction; Angayucham (ANG, red) and Mezcalera (MEZ, orange)
slabs, owing towestward subduction. Before 140Myr ago, sizeable ocean basins
separated North America from the ANG/MEZ trenches.
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Figure 2 | Schematic cross-section and evolution of a terrane station. tc
denotes the time of arc-continent collision. Motions are shown in a lower-
mantle reference frame. a, Well before the collision, both trench and arc are
active. Slab buckling is due to the viscosity contrast around 670 km, but the
backlog reaches into the upper mantle. b, Around tc and up to about 10Myr
later, the continent overrides the trench and accretes its arc terranes, while the
slab breaks. c,Well after the collision, the slab wall continues to sink. Seaward, a
new Andean-style subduction has developed. Anchored in the lower mantle,
the slab wall is sinking vertically at a steady-state rate of approximately
10mmyr21 in all three panels.
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Cretaceous (Fig. 1). The width of the recon-
structed orogeny on North America, from
the hinterland to block uplifts, is compara-
ble with the scale of the present-day Hima-
layan collision. The pattern of scattered
peraluminous magmatism and low-pressure,
elevated-temperature metamorphism with-
in the western United States during Lar-
amide contraction is also consistent with
known continent collisions.

If Baja BC was adjacent to North America
and moving rapidly northward with the Kula
plate, we would expect dextral transpres-
sional structures, recording both strike slip
and contraction, in both Baja BC and North
America. As reviewed briefly above, dextral
structures are documented within Baja BC.
Dextral offsets are also observed throughout
the Laramide orogen (Oldow et al., 1989).
In the Franciscan complex of coastal Cali-
fornia, 500 to 700 km of dextral offset is per-
missible, on the basis of correlation of sed-
imentary rocks and paleomagnetic data
(Jayko and Blake, 1993). Dextral shearing is
observed in the Sierra Nevada batholith of
California immediately prior to cessation of
magmatism, with an offset estimate of 70 km
(Tikoff and Teyssier, 1992). Dextral trans-
pressional structures are recorded in the
Idaho shear zone at ca. 75 to 70 Ma (Lund
and Snee, 1988). About 250 km of dextral
movement on the Pine Nut fault in western
Nevada is estimated to have occurred during
the Cretaceous-Paleocene (Oldow et al.,
1989). On the eastern edge of the Colorado
plateau, 100 to 170 km of Laramide-age dex-
tral offset is inferred from correlation of
Precambrian rocks (Karlstrom and Daniel,
1993).

The most compelling evidence for the hit-
and-run model is found in the diachronous
cessation of arc magmatism, in a south to
north trend, within the North American
Cordillera. The Peninsular Range batholith
ceased magmatism between 95 and 90 Ma
(Gastil et al., 1981), the Sierra Nevada
batholith at 83 Ma (Stern et al., 1981), the
Idaho batholith at ca. 70 Ma (Lund and
Snee, 1988), and the (subduction-related?)
southern Omineca belt at 40 Ma (Arm-
strong, 1988) (Fig. 1). We correlate this
northward cessation of magmatism on
North America to the northward migration
of Baja BC (Fig. 2). Because Baja BC main-
tained a subduction-related magmatic arc
throughout the Late Cretaceous and early
Tertiary, its presence outboard of North
America potentially explains the lack of Pa-
leocene subduction-related magmatism
within the United States Cordillera (the Pa-
leocene magmatic gap of Dickinson and
Snyder, 1978). Furthermore, both the Sierra
Nevada (Tikoff and Teyssier, 1992) and
Idaho batholiths (Lund and Snee, 1988) dis-
play dextral transpressional shearing imme-
diately prior to cessation of arc magmatism.
These deformation patterns are consistent
with oblique convergence of an outboard
terrane (Fig. 2). In our model, the arc mag-
matism in Arizona starting at 74 Ma resulted
from re-initiation of subduction after the
trailing edge of Baja BC moved northward.

Additional evidence along the western
edge of North America may uniquely impli-
cate a transpressional collision of Baja BC
with North America during the Laramide
orogeny. Upper Cretaceous granitic-clast
conglomerates occur throughout coastal
California and are inferred to derive from a
deeply eroded arc source (e.g., James et al.,
1993; Grove, 1993). Analysis of the con-
glomerates from the Gualala basin, in par-
ticular, does not support a local source; pa-
leocurrents of the Gualala basin locally
indicate a southwestern granitic source
(Wentworth, 1966), and isotopic age dating
of cobbles within the conglomerate indicates
an older granite source (154 Ma) that is not
represented in the large Late Cretaceous
batholiths of California. Isotopic analysis of
low radiogenic Pb and Sr content do not
match the adjacent Salinian block (James et
al., 1993). As suggested by Wentworth
(1966), there is no clear source for these
conglomerates. However, these data are all
consistent with an adjacent Baja BC as the
source, which would have been located to
the southwest of the Upper Cretaceous con-
glomeratic strata, which does contain Juras-
sic plutons, and has low radiogenic Pb and
Sr values (e.g., Armstrong, 1988). Although
this suggested provenance link is specula-

tive, it represents a possible avenue to test
the hit-and-run model.

CONCLUSIONS
Features of Late Cretaceous to early Ter-

tiary deformation in western North America
have always been enigmatic because they re-
semble a collisional orogen, yet lack a col-
lider. We propose a hit-and-run collision
model as an alternative hypothesis to the
shallow-slab subduction model (Dickinson
and Snyder, 1978) to account for this di-
lemma. This model proposes that the Lar-
amide orogen—encompassing simultane-
ous contraction and crustal thickening in
both the foreland and hinterland of the
United States Cordillera—represents a col-
lision (the “hit”) between Baja BC and
North America, followed by dextral oblique
convergence (the “run”) and northward
translation of Baja BC. The hit-and-run
model provides an alternative dynamic
framework for Cordilleran evolution and
provides a predictive tool to further inves-
tigate tectonic connections between differ-
ent parts of the North American Cordillera.
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Cretaceous (Fig. 1). The width of the recon-
structed orogeny on North America, from
the hinterland to block uplifts, is compara-
ble with the scale of the present-day Hima-
layan collision. The pattern of scattered
peraluminous magmatism and low-pressure,
elevated-temperature metamorphism with-
in the western United States during Lar-
amide contraction is also consistent with
known continent collisions.

If Baja BC was adjacent to North America
and moving rapidly northward with the Kula
plate, we would expect dextral transpres-
sional structures, recording both strike slip
and contraction, in both Baja BC and North
America. As reviewed briefly above, dextral
structures are documented within Baja BC.
Dextral offsets are also observed throughout
the Laramide orogen (Oldow et al., 1989).
In the Franciscan complex of coastal Cali-
fornia, 500 to 700 km of dextral offset is per-
missible, on the basis of correlation of sed-
imentary rocks and paleomagnetic data
(Jayko and Blake, 1993). Dextral shearing is
observed in the Sierra Nevada batholith of
California immediately prior to cessation of
magmatism, with an offset estimate of 70 km
(Tikoff and Teyssier, 1992). Dextral trans-
pressional structures are recorded in the
Idaho shear zone at ca. 75 to 70 Ma (Lund
and Snee, 1988). About 250 km of dextral
movement on the Pine Nut fault in western
Nevada is estimated to have occurred during
the Cretaceous-Paleocene (Oldow et al.,
1989). On the eastern edge of the Colorado
plateau, 100 to 170 km of Laramide-age dex-
tral offset is inferred from correlation of
Precambrian rocks (Karlstrom and Daniel,
1993).

The most compelling evidence for the hit-
and-run model is found in the diachronous
cessation of arc magmatism, in a south to
north trend, within the North American
Cordillera. The Peninsular Range batholith
ceased magmatism between 95 and 90 Ma
(Gastil et al., 1981), the Sierra Nevada
batholith at 83 Ma (Stern et al., 1981), the
Idaho batholith at ca. 70 Ma (Lund and
Snee, 1988), and the (subduction-related?)
southern Omineca belt at 40 Ma (Arm-
strong, 1988) (Fig. 1). We correlate this
northward cessation of magmatism on
North America to the northward migration
of Baja BC (Fig. 2). Because Baja BC main-
tained a subduction-related magmatic arc
throughout the Late Cretaceous and early
Tertiary, its presence outboard of North
America potentially explains the lack of Pa-
leocene subduction-related magmatism
within the United States Cordillera (the Pa-
leocene magmatic gap of Dickinson and
Snyder, 1978). Furthermore, both the Sierra
Nevada (Tikoff and Teyssier, 1992) and
Idaho batholiths (Lund and Snee, 1988) dis-
play dextral transpressional shearing imme-
diately prior to cessation of arc magmatism.
These deformation patterns are consistent
with oblique convergence of an outboard
terrane (Fig. 2). In our model, the arc mag-
matism in Arizona starting at 74 Ma resulted
from re-initiation of subduction after the
trailing edge of Baja BC moved northward.

Additional evidence along the western
edge of North America may uniquely impli-
cate a transpressional collision of Baja BC
with North America during the Laramide
orogeny. Upper Cretaceous granitic-clast
conglomerates occur throughout coastal
California and are inferred to derive from a
deeply eroded arc source (e.g., James et al.,
1993; Grove, 1993). Analysis of the con-
glomerates from the Gualala basin, in par-
ticular, does not support a local source; pa-
leocurrents of the Gualala basin locally
indicate a southwestern granitic source
(Wentworth, 1966), and isotopic age dating
of cobbles within the conglomerate indicates
an older granite source (154 Ma) that is not
represented in the large Late Cretaceous
batholiths of California. Isotopic analysis of
low radiogenic Pb and Sr content do not
match the adjacent Salinian block (James et
al., 1993). As suggested by Wentworth
(1966), there is no clear source for these
conglomerates. However, these data are all
consistent with an adjacent Baja BC as the
source, which would have been located to
the southwest of the Upper Cretaceous con-
glomeratic strata, which does contain Juras-
sic plutons, and has low radiogenic Pb and
Sr values (e.g., Armstrong, 1988). Although
this suggested provenance link is specula-

tive, it represents a possible avenue to test
the hit-and-run model.

CONCLUSIONS
Features of Late Cretaceous to early Ter-

tiary deformation in western North America
have always been enigmatic because they re-
semble a collisional orogen, yet lack a col-
lider. We propose a hit-and-run collision
model as an alternative hypothesis to the
shallow-slab subduction model (Dickinson
and Snyder, 1978) to account for this di-
lemma. This model proposes that the Lar-
amide orogen—encompassing simultane-
ous contraction and crustal thickening in
both the foreland and hinterland of the
United States Cordillera—represents a col-
lision (the “hit”) between Baja BC and
North America, followed by dextral oblique
convergence (the “run”) and northward
translation of Baja BC. The hit-and-run
model provides an alternative dynamic
framework for Cordilleran evolution and
provides a predictive tool to further inves-
tigate tectonic connections between differ-
ent parts of the North American Cordillera.
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Collision and collapse difficulties

Cretaceous (Fig. 1). The width of the recon-
structed orogeny on North America, from
the hinterland to block uplifts, is compara-
ble with the scale of the present-day Hima-
layan collision. The pattern of scattered
peraluminous magmatism and low-pressure,
elevated-temperature metamorphism with-
in the western United States during Lar-
amide contraction is also consistent with
known continent collisions.

If Baja BC was adjacent to North America
and moving rapidly northward with the Kula
plate, we would expect dextral transpres-
sional structures, recording both strike slip
and contraction, in both Baja BC and North
America. As reviewed briefly above, dextral
structures are documented within Baja BC.
Dextral offsets are also observed throughout
the Laramide orogen (Oldow et al., 1989).
In the Franciscan complex of coastal Cali-
fornia, 500 to 700 km of dextral offset is per-
missible, on the basis of correlation of sed-
imentary rocks and paleomagnetic data
(Jayko and Blake, 1993). Dextral shearing is
observed in the Sierra Nevada batholith of
California immediately prior to cessation of
magmatism, with an offset estimate of 70 km
(Tikoff and Teyssier, 1992). Dextral trans-
pressional structures are recorded in the
Idaho shear zone at ca. 75 to 70 Ma (Lund
and Snee, 1988). About 250 km of dextral
movement on the Pine Nut fault in western
Nevada is estimated to have occurred during
the Cretaceous-Paleocene (Oldow et al.,
1989). On the eastern edge of the Colorado
plateau, 100 to 170 km of Laramide-age dex-
tral offset is inferred from correlation of
Precambrian rocks (Karlstrom and Daniel,
1993).

The most compelling evidence for the hit-
and-run model is found in the diachronous
cessation of arc magmatism, in a south to
north trend, within the North American
Cordillera. The Peninsular Range batholith
ceased magmatism between 95 and 90 Ma
(Gastil et al., 1981), the Sierra Nevada
batholith at 83 Ma (Stern et al., 1981), the
Idaho batholith at ca. 70 Ma (Lund and
Snee, 1988), and the (subduction-related?)
southern Omineca belt at 40 Ma (Arm-
strong, 1988) (Fig. 1). We correlate this
northward cessation of magmatism on
North America to the northward migration
of Baja BC (Fig. 2). Because Baja BC main-
tained a subduction-related magmatic arc
throughout the Late Cretaceous and early
Tertiary, its presence outboard of North
America potentially explains the lack of Pa-
leocene subduction-related magmatism
within the United States Cordillera (the Pa-
leocene magmatic gap of Dickinson and
Snyder, 1978). Furthermore, both the Sierra
Nevada (Tikoff and Teyssier, 1992) and
Idaho batholiths (Lund and Snee, 1988) dis-
play dextral transpressional shearing imme-
diately prior to cessation of arc magmatism.
These deformation patterns are consistent
with oblique convergence of an outboard
terrane (Fig. 2). In our model, the arc mag-
matism in Arizona starting at 74 Ma resulted
from re-initiation of subduction after the
trailing edge of Baja BC moved northward.

Additional evidence along the western
edge of North America may uniquely impli-
cate a transpressional collision of Baja BC
with North America during the Laramide
orogeny. Upper Cretaceous granitic-clast
conglomerates occur throughout coastal
California and are inferred to derive from a
deeply eroded arc source (e.g., James et al.,
1993; Grove, 1993). Analysis of the con-
glomerates from the Gualala basin, in par-
ticular, does not support a local source; pa-
leocurrents of the Gualala basin locally
indicate a southwestern granitic source
(Wentworth, 1966), and isotopic age dating
of cobbles within the conglomerate indicates
an older granite source (154 Ma) that is not
represented in the large Late Cretaceous
batholiths of California. Isotopic analysis of
low radiogenic Pb and Sr content do not
match the adjacent Salinian block (James et
al., 1993). As suggested by Wentworth
(1966), there is no clear source for these
conglomerates. However, these data are all
consistent with an adjacent Baja BC as the
source, which would have been located to
the southwest of the Upper Cretaceous con-
glomeratic strata, which does contain Juras-
sic plutons, and has low radiogenic Pb and
Sr values (e.g., Armstrong, 1988). Although
this suggested provenance link is specula-

tive, it represents a possible avenue to test
the hit-and-run model.

CONCLUSIONS
Features of Late Cretaceous to early Ter-

tiary deformation in western North America
have always been enigmatic because they re-
semble a collisional orogen, yet lack a col-
lider. We propose a hit-and-run collision
model as an alternative hypothesis to the
shallow-slab subduction model (Dickinson
and Snyder, 1978) to account for this di-
lemma. This model proposes that the Lar-
amide orogen—encompassing simultane-
ous contraction and crustal thickening in
both the foreland and hinterland of the
United States Cordillera—represents a col-
lision (the “hit”) between Baja BC and
North America, followed by dextral oblique
convergence (the “run”) and northward
translation of Baja BC. The hit-and-run
model provides an alternative dynamic
framework for Cordilleran evolution and
provides a predictive tool to further inves-
tigate tectonic connections between differ-
ent parts of the North American Cordillera.
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Figure 2. Paleogeographic configuration of
dextral transpressional collision (“run”) of
Baja BC microplate and North America, re-
sulting in the Laramide orogeny. Baja BC is
inferred to have had an east-dipping subduc-
tion zone beneath its western edge and dex-
tral, transpressional fault system on its east-
ern edge, which shut off subduction-related
arc magmatism on adjacent North America
during its northward movement.
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