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Towards absolute plate motions constrained by
lower-mantle slab remnants

Douwe G. van der Meer"?*, Wim Spakman'*, Douwe J. J. van Hinsbergen'3#, Maisha L. Amaru'>

and Trond H. Torsvik34®

Since the first reconstruction of the supercontinent Pangaea,
key advances in plate tectonic reconstructions have been
made’®. Although the movement of tectonic plates since the
start of the mid-Cretaceous period (~100 million years (Myr)
ago) is relatively well understood'?, the longitudinal position
of plates before this period is not constrained at all. Here,
we use a global mantle tomography model” to estimate the
longitude of past oceanic subduction zones. We identify 28
remnants of oceanic plates that were subducted into the
lower mantle and link these to the mountain building zones
from which they are likely to have originated. Assuming
that these remnants sank vertically through the mantle, we
reconstruct the longitude at which they were subducted. Our
estimates for the location of the subduction zones are offset
by up to 18° compared with plate tectonic reconstructions
for the corresponding period. We did not detect oceanic
plate remnants from the Carboniferous period (~300-360 Myr
ago), or before, suggesting that the tomographic visibility of
subduction is limited to the past 300 Myr.

Since the first qualitative plate reconstruction of the super-
continent Pangaea was determined by fitting palaeoclimatic belts
and modern continental margins, key advances in plate reconstruc-
tions have been made with the development and use of palaeo-
magnetic apparent polar wander paths, ocean floor magnetic
anomalies and hotspot reference frames'?, leading to global plate
tectonic reconstructions®>®. Absolute plate motion models have
often been based on assumed hotspot fixity and are well constrained
only up to the Cretaceous period owing to the lack of any preserved
older oceanic hotspot tracks?. These, and other models, offer no
control on absolute palaeolongitude before the Cretaceous.

Seismic tomography studies of the mantle have allowed for
increasingly detailed correlations between deep mantle structure,
mostly focused on presumed remnants of subducted plates
and plate tectonic evolution®'¢. This, however, has not led to
strong constraints on absolute plate motion. Recently, correlations
between deep, presumably hot and dense mantle heterogeneities
at the core-mantle boundary and large igneous provinces were
obtained from a plate reconstruction®!, leading to possible
predictions of absolute palacolongitude for the entire Phanerozoic
eon'’. This reconstruction model, however, assumes zero longitude
motion for Africa before the Cretaceous.

Here, independently of any reconstruction model, we carry
out a global interpretation of positive seismic anomalies in the
lower mantle based on the assumptions that these reflect relatively

cold remnants of subducted lithosphere®'¢, and that slabs, once
detached, sink more or less vertically in the mantle®'*'® marking
the location of their former subduction zones. Geological evidence
for former subduction is constituted by orogens created in plate
convergence zones, often comprising the remnants of a volcanic
arc. Studies comparing the amount of Tethyan subducted material
predicted by geological reconstructions with volumes of subducted
lithosphere imaged in the mantle by seismic tomography'"'?
suggest a first-order correlation between the onset and end of
subduction and the onset and end of orogenesis, respectively. In line
with this inference, we assume that to first order, the age of the base
and top of a lower-mantle slab can be correlated in time with the
onset and end, respectively, of the associated orogeny. Timing errors
of the order of 10-25 Myr are inferred from the geological literature
used for interpretation®>'®' (Supplementary Information) and
include uncertainties in upper-mantle subduction history.

Using this rationale, we interpret lower-mantle slab remnants
from the tomographic model UU-P07 (ref. 7), the successor of
BSE98 (ref. 22), and correlate these with their corresponding
orogenies. Identification, depth of top and bottom, timing
and images (Supplementary Figs S1-S28) of slab remnants are
documented extensively in the Supplementary Information. The
Farallon, Mongol-Okhotsk and Aegean Tethys slabs have already
been studied extensively and correlated to geologic events and
act here as anchor points for the global interpretation of the
lower mantle. The still-subducting Aegean Tethys slab remnant
was shown to reach a depth of ~2,000 4= 100 km (refs 11, 12, 22;
Supplementary Fig. S1). The onset of subduction in the Aegean
region is inferred to approximate 17145 Myr, as represented by
metamorphic soles below the oldest Aegean ophiolites”. The
Mongol-Okhotsk slab remnant is located below northern Siberia
from the base of the mantle up to mid-mantle (Supplementary
Fig. S2) and subducted in the Middle Triassic/Middle Jurassic>*!.
The Farallon slab remnant® is located below eastern Laurentia
from the deep lower mantle to the upper part of the lower mantle
(Supplementary Fig. S3). The slab has been interpreted to represent
eastward-subducted Farallon oceanic lithosphere, but estimates of
the start of subduction of the slab vary from Late Cretaceous® to Late
Jurassic'®. However, the geological record proves that subduction at
the western continental margin of Laurentia initiated earlier, in the
Early Jurassic®®**. This is adopted here as the start of subduction
and related to the deepest part of the Farallon slab remnant.
In the upper mantle the Farallon slab disintegrates into smaller
fragments, which have been associated with subduction during the
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Table 1| Slab data set.
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Slab depth Slab age Slab midpoint
Base Top Base Top

Abbreviation Slab name Domain Category Min. Max. Min. Max. Min. Max. Min. Max. Depth Age Long.(°) Lat.(°)
Aeg Aegean Tethys Tethyan 1 2,100 1,900 0 0 176 166 0 0 1000 86 26 42
Far Farallon Laurentian 1 2,650 2,480 920 710 207 180 70 50 1690 127 —75 34
MO Mongol-Okhotsk ~ Cathaysian 1 2900 2815 1900 1,700 240 230 180 155 2,329 201 76 67
Ag Algeria Tethyan 2 2,300 2100 1500 1325 180 155 155 131 1,806 155 8 21
Al Aleutian Laurentian 1 810 710 0 0 84 52 0 0O 380 34 —165 57
At Atlantis Laurentian 3 2900 2,815 2,650 2480 290 280 230 210 271 253 -39 22
Ba Balkan Other 3 2900 2815 2,650 2480 280 260 220 200 2,711 240 17 47
Bf Beaufort Laurentian 3 2,650 2,480 2300 2100 230 208 163 144 2383 186 —128 72
Ca Caribbean Laurentian 1 810 710 0] o 72 59 0 0 380 33 —63 13
CcC Central China Cathaysian 2 2900 2815 1500 1,325 260 250 121 84 2135 179 88 45
Ch Chukchi Laurentian 3 1900 1700 1,325 1175 163 144 120 100 1525 132 170 77
EC East China Cathaysian 2 2900 2815 1900 1700 253 243 163 153 2,329 203 128 43
Eg Egypt Tethyan 3 1,500 1325 920 810 121 84 84 70 1139 90 26 19
Gl Georgia Islands ~ Other 3 2900 2815 2100 1900 295 285 220 190 2429 248 -30 —57
Hi Himalayas Tethyan 2 1175 1,040 500 440 84 79 43 20 789 57 78 26
Id Idaho Laurentian 2 2,480 2,300 920 810 208 163 100 84 1628 139 -8 49
Kc Kamchatka Cathaysian 1 920 810 0 0 100 84 0 0 433 46 155 55
Mc Manchuria Cathaysian 1 920 810 0 0 10 50 0 0 433 40 135 46
Md Maldives Tethyan 2 2,300 2100 920 810 220 200 70 57 1533 137 79 14
Me Mesopotamia Tethyan 2 2,300 2100 1175 1,040 220 200 84 70 1654 144 46 33
Mg Mongolia Cathaysian 2 1900 1,700 1175 1040 193 163 120 100 1454 144 18 48
NP North Pacific Other 3 1,700 1,500 810 710 140 1m0 Mo 80 1180 110 —143 56
Ro Rockall Other 3 2900 2,815 2,650 2480 280 260 230 220 2,711 248 —13 57
Sa Sakhalin Cathaysian 2 1175 1,040 810 710 100 84 84 52 934 80 149 53
So Socorro Laurentian 2 2100 1,900 1,020 920 208 163 100 84 1,485 139 —-108 17
TA Trans Americas  Laurentian 2 2900 2815 2480 2300 230 208 193 163 2624 199 —88 -2
Ve Venezuela Laurentian 2 1,500 1,325 810 710 M8 no 72 59 1086 90 —67 2
Wc Wichita Laurentian 2 2,815 2,650 2100 1900 230 208 193 163 2366 199 —95 35
The slabs that are discussed in this letter are shown in bold. For a detailed overview, see the Supplementary Information and Supplementary Figs S1-S28.

Laramide orogeny (80—40 Myr) to present'>?. The total slab data 0 g

set (Table 13 Supplementary Inform'fltion), covers abgut half of the Ii/alg?]”g%rll—Okhotsk

imaged positive wave-speed anomalies. For the remainder, notably A— Aegean Tethys

in the deep mantle of the Indian and Pacific oceans, we could 200 T Other slabs

not date the slab remnants with the geological literature, or the

tomographic model resolution was insufficient to warrant a useful 1000 |

quantitative interpretation. -

Plotting the depths of the top and bottom of all slab remnants E

against the corresponding tectonic ages (Fig. 1) demonstrates an £ 1500

average slab sinking velocity in the lower mantle of 12+3 mmyr~'. 2

This result is obtained independent of mantle rheology and thus

can serve as a new constraint in the determination of lower-mantle 2,000

viscosity. The sinking rate is slower than inferred by mantle

flow estimates using Mesozoic—Cenozoic subduction models'®%, ] i

. . . 2,500 -

which depend on assumed mantle rheology, but in agreement with "‘ =

other tomographic interpretations of 1-2 cmyr~!(refs 10, 12, 14). \

Figure 1 shows that within the uncertainty estimates, the timing o 50 100 150 200 250 300

of palaeo-subduction can vary by £25Myr from the average, and
slab remnants from palaeosubduction of any given age can be
found £300 km from the corresponding average depth. Here we are
primarily concerned with first-order inferences on palaeolongitude
and lower-mantle sinking rates on a global scale.

We find that all slab remnants in the lowermost mantle
correspond to subduction systems of Triassic—Permian age (Fig. 1).
No geological argument is found for correlating the deepest positive
wave-speed anomalies to Carboniferous, or older subduction
systems. We infer that the tomographic visibility of subduction
history may be restricted to the past ~300 Myr of Earth evolution.
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Slab age (Myr)

Figure 1| Age-depth curve of interpreted slabs. The symbols indicate slab
limits, with error bars in age-depth interpretation. The grey box represents
average sinking rate (~12 mmyr—"). The colour-coded slabs are previously
described marker slabs.

Using seismic-anomaly survival times, defined as a 50-100°C
temperature anomaly, from a recent study”, a slab maximum
survival time of 300 Myr for slabs may indicate an increase in
lower-mantle viscosity by a factor 100-300 relative to the upper
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Figure 2 | Spatial longitude correction. North Pole orthographic projections. a, Tomographic depth slice” at 1,900 km, colour scale red (—0.4%) to blue
(4+0.4%) with present-day continents. Interpreted slabs are outlined in purple: Far, Farallon; Aeg, Aegean Tethys; MO, Mongol-Okhotsk. b, Unmodified
reconstruction at 160 Myr. Offsets exist between the three slabs (purple) and their corresponding subduction complexes/sutures (red outlines). ¢, To
obtain an improved fit between subduction complexes/sutures (green) and slab locations (purple), the plate tectonic reconstruction was shifted

18° westward.

Global longitude correction (°)

-25 -20 -15 -10 -5 0
O L L L L L L L L L L L L L L L L L L L L L L L
1 A Good fit
. 1 O Possible fit [
i Applied fit oo (D
| L~
1 ]
100 -+ o
s | © A
% 150 c
< 1 o A
10 0O A
200 O A
1 o o o A D D
] (] A 0 O
250
1 oo A A\t A A O 0

. 45°N 30°N 0°N
500 km error at latitude:

Figure 3 | Longitude correction with time. The blue triangles note a good
global fit between slabs and continental plate margins. The orange squares
note fits where some slabs are offset to the margins. The blue line
represents the applied longitude correction to the plate tectonic
reconstruction, based on the moving average of good global fits. The red
dashed lines and arrows indicate the uncertainty, varying with latitude, to a
lateral uncertainty of 500 km in the surface location of a
palaeo-subduction zone.

mantle. The numerical mantle flow model?” however, is based on
mid-mantle observation and subducting continuous slabs, whereas
our survival time estimate pertains to the lowermost mantle and
detached slab remnants.

Tomographic invisibility can be caused by thermal assimilation,
and/or mantle mixing, for example, by recycling in mantle plumes
as indicated by geochemical signatures®. Recycling times of
subducted oceanic lithosphere can be as short as a few hundred
million years as indicated in the isotope geochemistry of some
mantle plumes®?°. These short recycling times suggest that the
deepest slab remnants may be the elusive source of recycled
slab material observed in plumes, mixed with components of up
to Archaean age”. Our observation of tomographic invisibility
provides new input for future thermochemical dynamic modelling
studies of slab survival in the deepest mantle.
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To illustrate the implications for palaeo-longitude shifts of
continents back to the Permo-Triassic, we use a plate tectonic
reconstruction®, recently corrected for true polar wander* be-
tween 100 and 300 Myr. From 12 depth slices in the lower
mantle, corresponding to subduction during the time frame
40-260 Myr (Supplementary Figs S29-S40), we determine the
shift of palaeo-longitudes of continental blocks from the inferred
palaeo-subduction zone positions of the 28 slab remnants. As an
example, we show how the three anchor slabs®*!! constrain the plate
tectonic reconstruction®* (Fig. 2). A depth slice at 1,900 km in the
tomographic model” corresponds to ~160 Myr of the plate tectonic
reconstruction (Fig. 1). The unmodified reconstruction shows the
Mongol-Okhotsk slab’ to be located below central Asia, the Aegean
Tethys slab'! below central Europe and the Farallon slab® to be
completely below the eastern Panthalassa Ocean (Fig. 2). All slabs
are positioned too far west with respect to the subduction location
inferred by the geological record®!!. A 16°~18° westward shift of
the reconstruction provides the best fit, between slab remnants
at depth and the surface location of subduction. Clearly, some
offsets remain between our palaeosubduction positions inferred
from tomography and the modified plate tectonic construction
(Fig. 2c). These discrepancies approach the uncertainties in the
inferred surface location of palaco-subduction with an estimated
lateral spatial r.m.s. uncertainty of ~250-500km resulting from
the effects of unknown slab dip (~300-700km), lower-mantle
thickening of slabs (~200-400km) and tomographic imaging
error (~200-400km) of the interpreted medium to well-imaged
slab remnants. Other uncertainties are due to complexities in
the slab subduction history, for example, the northern Farallon
slab is related to subduction at the continental margin, but its
southern extent may have been caused by simultaneous intra-
oceanic subduction®.

An important overall observation is that, at each time slice
considered, the relative position of continental fragments in the
plate reconstruction®* proves largely consistent with our inferred
relative positions of palacosubduction zones (Fig. 2, Supplementary
Figs $29-540). This gives confidence in the plate reconstruction®*
used and in our inferred palaco-subduction zone configurations.
This also allows us to concentrate on longitude shifts per time
slice of the entire assembly of continental fragments. These are
summarized in Fig. 3, whereas Fig. 4 serves to illustrate our
interpretation process. In Fig. 4 and Supplementary Figs $29-540,
we also speculate on the palaeo-position of intra-oceanic blocks,
spreading ridges and transform zones, but this is not essential for
our analysis of absolute palaeolongitude.
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Figure 4 | Longitude-corrected plate tectonic reconstructions. The colour scale is given in Fig. 2 and slab name abbreviations are given in Table 1. a-d, A
good fit is obtained between the tomographic depth slices” at 1,325 km (a) and 2,650 km (b) depth and the modified plate tectonic reconstructions3# at
120 Myr (17° corrected) (c) and 240 Myr (10° corrected) (d). Tectonic interpretation: lines with triangles, subduction zone of the slab data set (red) and
other slabs with only a qualitative interpretation (orange); green line, transform zone; yellow double line, spreading ridge. See Supplementary Figs S29-S40

for larger maps.

On the basis of slab remnants between 45°N and 45°S,
we find that palaeolongitudes gradually depart between 40 and
120 Myr, amounting to a westward longitude shift of 18°-20°
between 120 and 180 Myr, after which a gradual decrease
occurs to 8° at 260 Myr (Fig.3). Owing to uncertainties, this
departure is significant from ~80 to ~260 Myr and provides new
constraints on the palaeolongitude of the entire continental-plate
configuration through time. Figure 4 shows that the continents
on the Northern Hemisphere are constrained by slabs on either
side of the palaeo-Pacific Ocean (for example, Farallon slab®) and
by Tethys Ocean slabs (for example, Aegean Tethys slab'!). The
longitude correction decreases to ~10° in the Late Permian—Triassic
(200260 Myr). Bordered by slabs at its western and eastern side
(for example, Mongol-Okhotsk slab”), Pangaea is also constrained
in absolute longitude (Fig. 4).

Our global atlas of subduction remnants agrees through
geological time with the relative positions of continental plates
and agrees within 18°-20° with the palaeolongitude of the entire
continental assembly as given by the plate reconstruction®* used
for comparison. The latter reconstruction also proposes absolute
palaeo-longitudes of continental plates'’. Given the uncertainties
underlying both approaches, we have obtained a rather close match
between independently proposed palaeolongitudes through time.
The required longitude corrections do not significantly affect the
correlation between mantle heterogeneities at the core-mantle
boundary and large igneous provinces'’.

The longitude correction pattern of Fig. 3 may reflect Pangaea
(Africa) wandering in longitude, but does require further inves-
tigation, eventually leading to an integration of both approaches
and a further quantification of plate reconstructions. Here, we have
focused on new inferences on absolute plate motion, lower-mantle
sinking rates and the tomographic visibility of slab remnants, poten-
tially useful as constraints on mantle rheology and on geodynamic
modelling of crust-mantle evolution.

Methods

We selected only imaged anomalies in the UU-P07 tomographic model’, with peak
velocity amplitudes above +0.4%, and overall amplitudes above +-0.2% to delineate
slab boundaries'?. Subduction zones associated with large oceanic basins are

expected to be of considerable lateral extent; therefore, the interpretation is further
restricted to laterally elongated deep-mantle anomalies, leading to the data set of 28
slab remnants (Table 1). The Supplementary Information provides our global atlas
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of slab remnant interpretations, which may prove useful for future tomographic
and plate tectonic studies. The radial error in the depth interpretation varies from
£100 km in the shallow lower mantle to £200 km in the deeper lower mantle.

The set of 28 slabs is subdivided into three confidence categories. Category I
slabs have previously been interpreted in tomographic studies and correlated
to their respective orogens®™'?. Age uncertainties are derived from geological
literature. Vertical spatial uncertainties are conservative (upper) estimates of
image blurring effects.

Slabs in category II are found in the vicinity of a category I slab, providing
a palaeogeographic link to the latter, assuming they have been created
and shaped in the same boundary region between two converging plates.
Candidates for corresponding orogens are identified from palaeo-geographic
reconstructions™'*?!, which are primarily determined from the synthesis of
geological and palaeo-magnetic data. For slabs of category III, there is no apparent
relation with other slabs, or the interpretation of subduction remnants has led to
relatively larger uncertainties in subduction timing and depth as compared with
the first two categories.

The initial identification of category II and III slabs from palaeo-geographic
reconstructions is tied in with the interpretations of category I slabs. The subsequent
estimates for top and bottom depth from the tomographic model and the more
precise timing of start and end of subduction from the geological literature are
independent of this initial identification process.

To test the data-set robustness, the time—depth data set is split in various ways:
separately considering the top and base of slab remnants (Supplementary Fig. S41),
per slab remnant confidence category (Supplementary Fig. S42) and per region
(Supplementary Fig. $43).

The longitude correction was estimated by correlating the plate tectonic
reconstruction in 20 Myr steps with the closest available depth slice (tomographic
layer), based on the average time—depth conversion as indicated by the slab data
set. Global longitude shifts were applied in 2° steps and the fit quality was assessed
between the active palaeo-margins at surface and slab remnants at depth. Latitudes
of continental fragments were not changed, except for the North China block
in the Permo-Triassic. Mesozoic Europe has been simplified by excluding small
continental fragments at its southern margin. Where flat-slab orogenies occurred,
the intra-plate edge of crustal deformation was taken to match the dispersed slabs
remnants. Locations of spreading ridges and transform zones have also been added,
but are based on speculation.
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Supplementary Figure 1 Cross-sections of the tomographic model a) horizontal at 920 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

The Aegean Tethys slab is located below south east Europe from the deep lower
mantle up to the surface at the Hellenic subduction zone. Van der Voo et al. (1999b)
identified this slab as the Il anomaly, and interpreted it to represent northward
subducted NeoTethyan lithosphere. Van Hinsbergen et al. (2005) subdivided the slab
into a deep anomaly between ~2000 and 1500 km associated with intra-oceanic
subduction in the Vardar Ocean, and an anomaly from 1500 km to the surface, both
associated with continuous northward subduction and accretion of the Aegean
mountain belt. The onset of subduction started with the inversion of the Vardar
spreading ridge indicated by a metamorphic sole of the Vardar ophiolites (including
the Pindos, Vourinos and Othris ophiolites in Greece), dated at 168.5+2.4 to
172.9+£3.1 Ma by Liati et al. (2004), which we adopt as the age of the base of the
deepest anomaly. Stampfli & Borel (2004) have a similar Mid-Jurassic start of
subduction in this region, but suggested an initially opposite direction of subduction of
the Maliac oceanic plate. For the age of the bottom of the slab, this interpretation
yields the same result.

Derived midpoint (lon, lat, depth): 26 42 1000
. Age slab (max-min): 171 +/- 5 Ma to present
. Category: |, Region; Tethyan

2 NATURE GEOSCIENCE | www.nature.com/naturegeoscience



DOI: 10:1038/NGEO708 SUPPLEMENTARY INFORMATION

MO - Mongol-Okhotsk

il : e
. e e
A
rgn-a,uu‘im-!,u,:aaz--w.z:.r =000 / )

20 30 40

- il
-0.5% I T +0.5%

-0.4%mm mm +0.4%

Supplementary Figure 2 Cross-sections of the tomographic model a) horizontal at 2480 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

. The Mongol-Okhotsk slab is located below northern Siberia from the base of the
mantle up to mid-mantle. The slab has been interpreted to represent subducted
Mongol-Okhotsk oceanic lithosphere ending in the late Jurassic (van der Voo et al.
(1999a)). The base of the slab merges with the graveyard of slabs under Asia at the
base of the mantle (van der Voo et al.1999a). By adapting the global plate tectonic
reconstructions (Torsvik et al. (2008), Stampfli and Borel (2004)), we have re-
interpreted the southern part of the Z-shaped Mongol-Okhotsk slab (van der Voo et
al.1999a) to be the remnant of eastward subducted PaleoTethys lithosphere
(redefined into CC slab), whereas the northern part represents the “true” remnant of
Mongol-Okhotsk subduction. At the southern margin of Siberia subduction initiated in
the middle Triassic (Stampfli and Borel (2004), Golonka (2003)) and ended in the
middle Jurassic when the closure of the Mongol-Okhotsk Ocean was completed by
collision with the North China block (Stampfli and Borel (2004), van der Voo et al.
(1999a), Golonka (2003)).

. Derived midpoint (lon, lat, depth): 76 67 2329
. Age slab (max-min): 235 +/- 5 to 168 +/- 13 Ma
. Category: |, Region; Cathaysian
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Supplementary Figure 3 Cross-sections of the tomographic model a) horizontal at 1500 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

. The Farallon slab , as defined by Grand et al. (1997), is located below eastern
Laurentia from the deep lower mantle to upper part of the lower mantle. The slab has
been interpreted to represent eastward subducted Farallon oceanic lithosphere,
however no consensus on timing exists, as estimates vary since 100 Myr (Grand et
al. (1997)), prior to 100 Ma (Liu et al. (2008)), or since 150 Ma (Sigloch et al. (2008).
In the upper mantle the slab distintegrates into smaller, dispersed fragments, which
have been associated with subduction during the Laramide orogeny (80-40 Ma) to
present (Van der Lee and Nolet (1997), Sigloch et al. (2008)). We have adopted, in
part, the interpretation of the F2 slab of Sigloch et al. (2008). They argued that
subduction of the lower mantle Farallon slab, was interrupted due to the Laramide
orogeny, hence the top of the Farallon slab to be latest Cretaceous to earliest
Cenozoic in age and the rest of the slab to be up to late Jurassic in age. However,
tectonic studies (Ward (1995), Nokleberg et al. (2000), DeCelles et al. 2009) indicate
that subduction at the western margin of Laurentia was initiated earlier, from the early
Jurassic (Nevadan orogeny ) onwards. This tectonic event is also simultaneous with
the start of opening of the Atlantic Ocean. We interpret the early Jurassic event to
represent the cause of the base of the slab. As a result the bulk of the slab is
associated with late Jurassic-Cretaceous subduction during the Sevier orogeny (e.g.
Ward (1995)).

. Derived midpoint (lon, lat, depth): -75 34 1690
. Age slab (max-min): 194 +/- 14 to 60 +/- 10 Ma
. Category: |, Region; Laurentian
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Supplementary Figure 4 Cross-sections of the tomographic model a) horizontal at 1900 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

. The Algeria slab is located below NW Africa and the Mediterranean from the deep
mantle up to mid-mantle. The neighbouring base of the 1storder Aegean Tethys slab
is used to infer that the Algeria slab represents Paleotethyan subducted lithosphere.
The N-S trend is consistent with a possible origin of eastward subducted Maliac
oceanic lithosphere of middle Mesozoic age. Stampfli and Borel (2004) infer
subduction of Maliac Ocean lithosphere to have initiated at the western margin of the
back-arc Vardar Ocean, starting in the middle Jurassic and ending in the late
Jurassic-early Cretaceous by arc-continent collisions. In the north this was associated
with a late Jurassic- early Cretaceous orogenic phase at the Strandja Massif (Okay et

al. 2001).
. Derived midpoint (lon, lat, depth): 8 21 1806
. Age slab (max-min): 168 +/- 13 to 143 +/- 12 Ma
. Category: Il, Region; Tethyan
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Supplementary Figure 5 Cross-sections of the tomographic model a) horizontal at 385 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

. The Aleutian slab is located in the upper mantle below the southern Bering Sea and
Alaska up to the surface in the Aleutian subduction zone. Two slabs below have been
interpreted in the upper mantle, separated at ~500 km depth (Qi et al. (2007),
Gorbatov et al. (2000)). The shallow slab is interpreted to represent Pacific plate
subduction since 43 Ma (Qi et al. (2007)) or 48 Ma (Gorbatov et al. (2000)), whereas
the deeper slab (continuing into the lower mantle) is attributed to older subduction of
the Kula plate (named Northern Pacific (NP) slab in our study). In our tomographic
model the deepest part of the Aleutian slab is still clearly identifiable below 500 km
depth and is continuous until the top of the lower mantle below southern Alaska.
(Nokleberg et al. (2000)) infers an onset of magmatism in the Kluane arc at the
southern margin of Alaska in the late Cretaceous to Eocene, which we have adopted
as a time-range instead of a single onset event at 43 or 48 Ma.

. Derived midpoint (lon, lat, depth): -165 57 380
. Age slab (max-min): 68 +/- 16 Ma to present
. Category: |, Region; Laurentian
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Supplementary Figure 6 Cross-sections of the tomographic model a) horizontal at 2650 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows .
. The Atlantis slab is located below the central Atlantic and covers the CMB. It has not been

defined in previous studies. The 1storder Farallon slab higher in the mantle to the west leads
us to infer a pre-Jurassic age of the Atlantis slab. Since there is no direct connection with the
Farallon slab, three options exist for the origin of this slab. First, and most likely, the slab
may result from eastward subduction below the western margin of Laurentia, as a pre-cursor
of the Farallon slab. In the Permian to Triassic (Ziegler (1989), Ward (1995), Cawood and
Buchan (2007)) the Sonoma orogeny took place at this location. We have interpreted this
tectonic event to represent eastward subduction of Farallon/Panthalassa lithosphere at the
continental margin causing the TA slab. No magmatism occurred at the western continental
margin of Laurentia during the mid-late Triassic (Ward (1995), Nokleberg et al. (2000),
Barbozo-Gudino et al. (2008) and DeCelles et al. (2009)) providing evidence for a time gap
between the subduction of the Farallon and Atlantis slab. Assuming the base of the Farallon
slab represents subduction at the continental margin in the early Jurassic, this indicates a
middle to late Triassic westward displacement of LaurAsia by ~2000 km to cross the spatial
gap between the two slabs. In an alternative scenario, the Atlantis slab may represent
lithosphere Permo-Triassic westward subducted PaleoTethys lithosphere below Iberia-
Armorica (Stampfli and Borel (2004)), but this scenario indicates ~2000 km eastward
displacement of LaurAsia during the middle to late Triassic. As a third scenario the slab may
represent older, Carboniferous-early Permian subduction of Rheic oceanic lithosphere during
the Variscan-Alleghanian orogeny (Ziegler (1989)) between Laurentia and NW Gondwana-
Iberia-Armorica (Simancas et al. (2005), Stampfli and Borel (2004)). A Carboniferous age
however would become an extreme outlier in the global dataset.

. Derived midpoint (lon, lat, depth): -39 22 2711
. Age slab (max-min): 285 +/- 5 to 220 +/- 10 Ma
. Category: Ill, Region; Laurentian
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Supplementary Figure 7 Cross-sections of the tomographic model a) horizontal at 2815 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

. The Balkan slab is located below south-eastern Europe, on the CMB. It has not been
previously identified in tomographic studies. The 2" order Mesopotamia (Me) slab
and the 1storder Mongol-Okhotsk slab to the northeast, both higher in the mantle,
were used to infer that the Balkan slab represents subducted lithosphere of at least
early Mesozoic age. The Mongol-Okhotsk subduction in the east constrains the
Siberia block to a Permian to middle Jurassic position north of the Balkan slab. The
Balkan slab therefore is likely the result of subduction at the southern margin of
Siberia (western side at present), or at the eastern side of Kazakhstania (southern
side at present). Most agree that in the late Palaeozoic and early Mesozoic northern
and Central Asia was framed in the south by a north-dipping subduction zone and a
related magmatic arc (Natal’in and Sengér (2005)). Stampfli and Borel (2004) inferred
north-westward subduction of Solonker-Asiatic oceanic lithosphere, and suggests an
onset of subduction at the southern margin of Siberia in the early Permian, ending in
the late Triassic or end Permian (Cocks and Torsvik (2007)), by accretion of the
Tarim block, which may provide an age range for this slab. Alternatively, the slab may
(partly) be the result of the Permian closure of the Uralian Ocean or to pre-Permian

subduction.
. Derived midpoint (lon, lat, depth): 17 47 2711
. Age slab (max-min): 270 +/- 10 to 210 +/- 10 Ma

. Category: lll, Region; Other
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Supplementary Figure 8 Cross-sections of the tomographic model a) horizontal at 2300 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

. The Beaufort slab is located below North Alaska and the Arctic Ocean within the deep
mantle. It has not been interpreted before. The base of the 1storder Mongol-Okhotsk
slab across the North Pole, as well as the base of the 2" order Idaho (Id) slab to the
south, was used to infer that the Beaufort slab represents subducted Arctic
lithosphere of likely early or middle Mesozoic age. Nokleberg et al. (2000)
reconstructed subduction of Arctic/Panthalassa lithosphere at the Alazeya arc during
the late Triassic-durassic, and forms agewise the most likely candidate for this slab.
Golonka et al. (2003) infers subduction to have occurred in this region from the
Triassic to late Cretaceous and the equivalent Alazeya arc is interpreted to
accrete/evolve into a complex configuration of several minor subduction zones by the
early Cretaceous.

. Derived midpoint (lon, lat, depth): -128 72 2383
. Age slab (max-min): 219 +/- 11 to 154 +/- 10 Ma
. Category: lll, Region; Laurentian
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Supplementary Figure 9 Cross-sections of the tomographic model a) horizontal at 440 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

The Caribbean slab is located in the upper mantle below the eastern Caribbean plate
up to the surface at the Lesser Antilles subduction zone where Atlantic oceanic
lithosphere subducts westward. The slab dips steeply from the surface to a depth of
600 km , changing to a sub-horizontal position below this depth (Van der Hilst and
Spakman (1989)). We interpreted the base of the slab to be upper Cretaceous-
Paleocene, based on the onset of the formation of the Lesser Antilles arc (Burke
(1988), Ross and Scotese (1988)). At the base of the slab there is a connection with a
slab of a different orientation (see Venezuela (VE) slab), which we attribute to an
earlier subduction phase below the Greater Antilles, ending in the late Cretaceous
(Garcia-Casco et al. (2008a&b), Krebs et al. (2008)).

Derived midpoint (lon, lat, depth): -63 13 380
. Age slab (max-min): 66 +/- 7 Ma to present
Category: I, Region; Laurentian
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Supplementary Figure 10 Cross-sections of the tomographic model a) horizontal at 2100 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

The Central China slab is located below central Asia from the CMB up to the mid-
mantle. We have re-interpreted the southern part of the Z-shaped anomaly with
respect to van der Voo et al. (1999a) to be the remnant of eastward subducted
PaleoTethys lithosphere below Cathaysia and named this the CC slab — contrary to
the northern part of the Z-shaped anomaly which represents Mongol-Okhotsk
lithosphere (van der Voo et al. (1999a)), as pointed out in the description of the
Mongol-Okhotsk slab. Based on the interpretation of 1st-order Mongol Okhotsk slab
to the north, the age of the CC slab is likely early to middle Mesozoic. Stampfli and
Borel (2004) indicate that subduction of PaleoTethys lithosphere at the CC-slab’s
latitudes initiated at the western margin of Cathaysia in the late Permian-early
Triassic, ending in the early late Cretaceous.

Derived midpoint (lon, lat, depth): 88 45 2135
Age slab (max-min): 255 +/- 5to 103 +/- 19 Ma
Category: Il, Region; Cathaysian
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Supplementary Figure 11 Cross-sections of the tomographic model a) horizontal at 1500 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

The Chukchi slab is located below North Siberia and the Arctic Ocean within the mid-
mantle. It has not been interpreted before in previous studies. The 2" order Mongolia
(Mg) slab to the south suggests that the Chukchi slab represents Arctic lithosphere of
middle to late Mesozoic age. Subduction of Arctic lithosphere initiated at the northern
margin of Laurentia at the Koyukuk arc (Nokleberg et al. (2000), Golonka et al.
(2003)), starting in the late Jurassic and ending in the early Cretaceous, which we
adopt as the age range of the Chukchi slab.

Derived midpoint (lon, lat, depth): 170 77 1525

Age slab (max-min):154 +/- 10 to 110 +/- 10 Ma

Category: lll, Region; Laurentian
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Supplementary Figure 12 Cross-sections of the tomographic model a) horizontal at 2300 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

The East China slab is located below eastern Asia from the CMB up to the deep
mantle. In previous tomographic studies it has been referred to as the Pacific slab
(van der Voo et al. (1999a)), which resulted from westward subduction of paleo-
Pacific (Panthalassa) lithosphere at the east-Asian margin. The depth of the top and
base of the 1storder Mongol-Okhotsk slab towards the north lead us to interpret the
age of the East China slab to be early-middle Mesozoic. Sagong et al. (2005) state
three magmatic phases to have occurred in the Korean peninsula, in the Triassic,
early to middle Jurassic and since the late Cretaceous (see Manchuria (Mc) slab).
The age gap between the first two phases is considered small (13 Ma) and not
significant within the resolution of our method and we therefore use these two phases
to estimate the timing of subduction.

Derived midpoint (lon, lat, depth): 128 43 2329
Age slab (max-min): 248 +/- 5to 158 +/- 5 Ma
Category: Il, Region; Cathaysian
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Supplementary Figure 13 Cross-sections of the tomographic model a) horizontal at 1175 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

. The Egypt slab is located below North Africa in the mid-mantle. We have adopted the
name from Hafkenscheid et al. (2006). The 1storder Aegean Tethys slab to the north,
the 2" order Mesopotamia (Me) slab in the east and 2" order Algeria (Ag) slab
towards the west were used to infer that the Egypt has likely a late Mesozoic age.
Stampfli and Borel (2004) indicate an active margin with eastward subduction at the
east of the Antalya-Semail (Taurides) terrane in middle to late Cretaceous, prior to its
collision with the Sakarya terrane (Pontides) in the early Cenozoic.

. Derived midpoint (lon, lat, depth): 26 19 1139
. Age slab (max-min): 103 +/- 19 to 77 +/- 7 Ma
. Category: lll, Region; Tethyan
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Supplementary Figure 14 Cross-sections of the tomographic model a) horizontal at 2300 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

The Georgia Islands slab is located below the southern Atlantic and Antarctic Oceans
from the CMB up to the deep mantle. It has not been previously been identified in
tomographic studies. Based on the global interpretation of 15t and 2" order slabs a
pre-Mesozoic to middle Mesozoic origin is expected. Based on qualitative
assessments of slabs in the deep mantle, constraining Gondwana on either side, a
subduction zone at southern Gondwana is the most likely cause. We have inferred
subduction of oceanic lithosphere, causing Permian-Triassic magmatism in along
southern Gondwana (Cawood and Buchan (2007), Ramos (2008)) during the
Gondwanide orogeny, to be the most likely cause of the slab. Subduction in the area
re-iniated more westerly in the Jurassic-Cretaceous, causing back-arc spreading
(Martin (2007)), which we associate with the weaker, more westerly anomaly in the

mid mantle.
. Derived midpoint (lon, lat, depth): -30 -57 2429
. Age slab (max-min): 290 +/- 5 to 205 +/- 15 Ma
. Category: lll, Region; Other
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Supplementary Figure 15 Cross-sections of the tomographic model a) horizontal at 710 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

The Himalayas slab is located below the northern part of the Indian plate from the
upper part of the lower mantle up to the upper mantle. In previous tomographic
studies it has been referred to as the IV (van der Voo et al.(1999)) or Hi anomaly
(Hafkenscheid et al. (2006)). It consists of NeoTethys lithosphere, specified as
Spongtang (Hafkenscheid et al. (2006)), that subducted northward at the Eurasian
margin, starting in the early Cenozoic. Stampfli and Borel (2004) show the opening
and subduction of the Spongtang back-arc ocean to occur from the late Cretaceous
onwards, accompanied by the formation of a northward verging foreland basin (Leier
et al. (2007)), which we adopted as the potential start of subduction. After India-
Eurasia collision subduction stalled and ended with slab detachment in the Eocene-
Miocene.

Derived midpoint (lon, lat, depth): 78 26 789
Age slab (max-min): 82 +/- 3 to 32 +/- 12 Ma
Category: Il, Region; Tethyan
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Supplementary Figure 16 Cross-sections of the tomographic model a) horizontal at 1500 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

. The Idaho slab is located below western Laurentia from the deep mantle up to upper
part of the lower mantle. In previous tomographic studies it has been interpreted as
Cenozoic Farallon lithosphere (S2 slab in Sigloch et al. (2008)) or Cretaceous Kula or
Izanagi lithosphere (Ren et al. (2007)). Based on our (older) interpretation of the 18t
order Farallon slab to the east, we infer that the Idaho slab represents subducted
Farallon/Panthalassa lithosphere of middle to late Mesozoic age range. Since the Id
slab is located at similar depths but west of the Farallon slab, we have adopted an
intra-oceanic origin for this slab. This interpretation differs from Sigloch et al (2008),
who associated the slab with subduction at the Laurentian continental margin since
70-50 Ma. Nokleberg et al. (2000) suggested that northward to eastward subduction
of Farallon/Panthalassa lithosphere occurred at the intra-oceanic (northern part of)
Wrangellia superterrane, starting in the early to middle Jurassic. Accretion of the
terrane with Laurentia started in the late Jurassic (Trop et al. (2005)) and ended in the
early to late Cretaceous (Nokleberg et al. (2000)).

. Derived midpoint (lon, lat, depth): -118 49 1628
. Age slab (max-min): 186 +/- 23 to 92 +/- 8 Ma
. Category: Il, Region; Laurentian
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Supplementary Figure 17 Cross-sections of the tomographic model a) horizontal at 440 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

. The Kamchatka slab is located below the Sea of Okhotsk from the Kamchatka-Kuriles
subduction zone at surface down to the upper part of the lower mantle and is
associated with north-westward subduction of the Pacific plate (Gorbatovet al. (2000),
Jiang et al. (2009)). The part of the slab below 660 km discontinuity has been
interpreted to have an age of at least 65-55 Ma (Gorbatov et al. (2000)). Nokleberg et
al. (2000) and Golonka et al. (2003) propose that the onset of westward subduction at
the later Kamchatka block (Olyutorka arc) started in the middle to late Cretaceous.
This is supported by the formation of the accretionary wedge from the Late
Cretaceous onwards (Alexeiev et al. (2006)).

Derived midpoint (lon, lat, depth): 155 55 433
. Age slab (max-min): 92 +/- 8 Ma to present
. Category: |, Region; Cathaysian
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Supplementary Figure 18 Cross-sections of the tomographic model a) horizontal at 385 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

. The Manchuria slab is located from the Japan subduction zone at surface, near-
horizontal at the transition zone and below east Asia it is found down to the upper part
of the lower mantle (van der Hilst et al.(1991), Fukao et al. (2001), Miller and Kennett
(2006), Abdelwaheed and Zhao (2007)). It has previously been associated with
westward subduction of the Pacific and Philippine Sea plate starting around 40-45 Ma
(van der Hilst et al. (1991), Abdelwaheed and Zhao (2007)). This timing was based on
the evolution of the Philippine plate only, whereas the Manchuria slab is located north
of the Philippine Ocean plate subduction. This timing we thus render not
representative. Instead, we prefer an earlier start of subduction, indicated by a South
Korean late Cretaceous-Eocene magmatic phase, following a magmatic lull (Sagong
et al. (2005)). We have interpreted this phase to represent the onset of subduction of
the Manchuria slab, which continues to the present day. This is in agreement with the
simultaneous onset of late Cretaceous subduction in the north, associated with the
Sakhalin slab (see below).

. Derived midpoint (lon, lat, depth): 135 46 433
. Age slab (max-min): 80 +/- 30 Ma to present
. Category: |, Region; Cathaysian
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Supplementary Figure 19 Cross-sections of the tomographic model a) horizontal at 1500 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

. The Maldives slab is located below the north-western Indian Ocean from the deep
mantle up to the upper part of the lower mantle. In previous tomographic studies it
has been referred to as the eastern part of the Ill (van der Voo et al. (1999) or 10
anomaly (Hafkenscheid et al. (2006)), as a result of northward subducting NeoTethys
lithosphere below the Spongtang ocean and Lhasa block during the Cretaceous and
earliest Cenozoic (van der Voo et al.(1999), Hafkenscheid et al. (2006)). An earlier
late Triassic start of northward subduction is stated by Stampfli and Borel (2004) and
Roger et al. (2008), which we adopted as the start of NeoTethys subduction leading
to the slab formation.

. Derived midpoint (lon, lat, depth): 79 14 1533
. Age slab (max-min): 210 +/- 10 to 64 +/- 7 Ma
. Category: I, Region; Tethyan
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Supplementary Figure 20 Cross-sections of the tomographic model a) horizontal at 1500 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

. The Mesopotamia slab is located below the Arabian plate from the deep mantle up to
mid-mantle. In previous studies it has been referred to as the western part of the Il
slab (van der Voo et al. (1999)) or the Eg & Sa anomalies (Hafkenscheid et al.
(2006)), as a result of northward subducting NeoTethyan lithosphere (van der Voo et
al.(1999)), below the Semail Ocean (Hafkenscheid et al. (2006)). We have adopted
the late Triassic as the earliest possible onset of NeoTethys subduction, ending in the
late Cretaceous (Stampfli and Borel (2004), Warren et al. (2003)).

Derived midpoint (lon, lat, depth): 46 33 1654
Age slab (max-min): 210 +/- 10to 77 +/- 7 Ma

Category: Il, Region; Tethyan
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Supplementary Figure 21 Cross-sections of the tomographic model a) horizontal at 1325 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

The Mongolia slab is located below north-eastern Asia within the mid-mantle. In
previous studies it has been referred to as a Pacific slab (van der Voo et al.(1999)).
We use the 1storder slabs of Kamchatka (higher in the mantle) and Mongol-Okhotsk
slab (lower in the mantle) to infer that the Mongolia slab represents (westward)
subducted Pacific lithosphere with middle to late Mesozoic age range. Nokleberg et
al. (2000) and Golonka (2003) state westward subduction of Pacific lithosphere at the
north-eastern margin of Asia, associated with the Monakin-Khingan arcs, starting in
the early-middle Jurassic and ending in the early Cretaceous.

Derived midpoint (lon, lat, depth): 118 48 1454
Age slab (max-min): 178 +/- 15to0 110 +/- 10 Ma
Category: Il, Region; Cathaysian
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Supplementary Figure 22 Cross-sections of the tomographic model a) horizontal at 1040 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

The North Pacific slab is located below the northern Pacific to southern Alaska from
the mid-mantle up to upper part of the lower mantle. In previous tomographic studies
it has been referred to as the Kula (Qi et al. (2007)) or Pacific slab (Ren et al. (2007)).
The 1storder Aleutian slab higher in the mantle to the north leads us to infer that the
North Pacific slab represents pre-Cenozoic subducted lithosphere. In agreement with
the latitude of the slab, Engebretson et al. (1985) states northward subduction of
Izanagi and Farallon lithosphere below the Kula plate to have initiated at an intra-
oceanic subduction zone in the early Cretaceous, ending in the late Cretaceous.

Derived midpoint (lon, lat, depth): -143 56 1180
Age slab (max-min): 125 +/- 1510 95 +/- 15 Ma
Category: lll, Region; Other
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Supplementary Figure 23 Cross-sections of the tomographic model a) horizontal at 2650 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

. The Rockall slab is located below westernmost Europe /north eastern Atlantic Ocean
on top of the CMB. It has not been previously interpreted in tomographic studies. The
1storder Mongol-Okhotsk slab to the east, the 2" order Wichita slab to the west and
the 3 order Balkan slab to the southeast were used to infer that the Rockall slab
represents subducted paleo-Arctic lithosphere between Siberia and Laurussia of at
least early Mesozoic age. Stampfli and Borel (2004) interpret subduction of the Anjui
ocean at the western margin of Siberia (north of Siberia at present), starting in the
early-late Permian and ending in the late Triassic or end Permian (Cocks and Torsvik

(2007)).
. Derived midpoint (lon, lat, depth): -13 57 2711
. Age slab (max-min): 270 +/- 10 to 225 +/- 5 Ma
. Category: lll, Region; Other
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Supplementary Figure 24 Cross-sections of the tomographic model a) horizontal at 810 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

The Sakhalin slab is located below north-eastern Asia within the upper part of the
lower mantle. In previous tomographic studies it has been referred to as a subducted
slab of the Okhotsk plate (Gorbatov et al. (2000)). The 1storder Kamchatka slab to
the east and shallower was used to infer that the Sakhalin slab likely has a late
Mesozoic to early Cenozoic age. Nokleberg et al. (2000) argued that subduction of
Okhotsk lithosphere initiated at the north-eastern Asian margin (East Sikhote-Alin arc)
in the late Cretaceous, which we take as the age of the base of the Sakhalin slab, and
ending in the late-Cretaceous-Eocene due to accretion of the Okhotsk block. This
resulted in a jump of the subduction zone to the east (Kamchatka arc), estimated to
have occurred at 65-55 Ma (Gorbatov et al. (2000)), which we have taken as estimate
for the end of subduction of the Sakhalin slab.

. Derived midpoint (lon, lat, depth): 149 53 934
. Age slab (max-min): 92 +/- 8 to 68 +/- 16 Ma
. Category: Il, Region; Cathaysian
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Supplementary Figure 25 Cross-sections of the tomographic model a) horizontal at 1325 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

The Socorro slab is located below Central America within the mid-mantle. It has not
been described before.The Id-slab and So-slab are nearly similar in depth, dip, and
have a more westerly location than the 15t order Farallon slab. Similar to the Id-slab
we have interpreted an intra-oceanic Jurassic-Cretaceous origin for this slab. The
Wrangellia superterrane has both a northern and southern scenario indicated by
paleomagnetic data (Nokleberg et al. (2000)). This indicates that the superterrane has
had a dual origin, a northern and southern part. After final accretion near the Baja
British Columbia, these terranes have been placed close to each other and could
have been mistaken for one superterrane with a single history. Similarly as the
interpretation of the 2"d-order Id-slab, we associate eastward subduction of
Panthalassa/Farallon lithosphere at the southern part of the Wrangellia terrane to
have caused the So-slab, starting in the early to middle Jurassic. Accretion of the
terrane with Laurentia started in the late Jurassic (Trop et al., (2005)) and ended in
the early to late Cretaceous (Nokleberg et al. (2000)).

Derived midpoint (lon, lat, depth): -108 17 1485
Age slab (max-min): 186 +/- 23 to 92 +/- 8 Ma
Category: Il, Region; Laurentian
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Supplementary Figure 26 Cross-sections of the tomographic model a) horizontal at 2650 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

The Trans-Americas slab is located below the Cocos plate and Central America from the
CMB up to the deep mantle. It has been detected in previous seismological (Thomas et al.
(2004), Hutko et al. (2006), Kito et al. (2007)) and tomographic studies (van der Hilst et al.
(2007)) and interpreted as the result of folding and westward spreading of the Farallon slab
(Hutko2006). The base of the 1st order Farallon slab to the east and the base of the 2™
order ld-slab to the north were used to infer that the Trans-Americas slab represents
subducted lithosphere of at least middle Mesozoic age. The tomographic model (Amaru
(2007)) indicates the slab dips westward and its top is close to the Farallon&Venezuela
slabs. This suggests eastward trench motion at the time of subduction. Our preferred
interpretation is that the slab has an early Mesozoic intra-oceanic origin with the arc
accreting at the Laurentian margin during the middle Mesozoic. The Stikinia-Quesnellia arc
fits this scenario which we have interpreted to be the surficial remnant of the slabs’
subduction. This arc initiated in the middle-late Triassic and accreted to Laurentia in the
early-middle Jurassic (Nokleberg et al. (2000), Johnston and Borel (2007)). An alternative
scenario for this slab would be subduction of Farallon/Panthalassa lithosphere in the
Permian to Triassic (Ziegler (1989), Ward (1995), Cawood and Buchan (2007)) associated
with the Sonoma orogeny at the western margin of Laurentia.

Derived midpoint (lon, lat, depth): -88 -2 2624
. Age slab (max-min): 219 +/- 11 to 178 +/- 15 Ma
Category: I, Region; Laurentian
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Supplementary Figure 27 Cross-sections of the tomographic model a) horizontal at 920 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

The Venezuela slab is located below northern South America from the mid-mantle up
to the upper part of the lower mantle. It has not previously been described in
tomographic or seismological studies. The 1st order Caribbean slab higher in the
mantle to the northeast and the 1storder Farallon slab to the northwest were used to
infer that the Venezuela slab likely corresponds to an older subduction event, which in
this region most likely corresponds to south-westward subducted Atlantic/proto-
Caribbean lithosphere of at least 110 Ma (Garcia-Casco et al. (2008a&b), Krebs et al.
(2008)), and likely older than 118 Ma (Garcia-Casco et al. (2002), Lazaro et al.
(2009)) until latest Cretaceous-Paleocene (Harlow et al. (2004), Garcia-Casco et al.
(2008), Krebs et al. (2008), Brueckner et al. (2009)), in line with earlier inferences of
Burke (1988) and Ross and Scotese (1988).

Derived midpoint (lon, lat, depth): -67 2 1086
Age slab (max-min): 114 +/- 4 to 66 +/- 7 Ma
Category: Il, Region; Laurentian
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Supplementary Figure 28 Cross-sections of the tomographic model a) horizontal at 2300 km projected on Earth’s
surface b) vertical. The slab is indicated by arrows

. The Wichita slab is located below central Laurentia from the CMB up to deep mantle.
It has not been previously described. The presence of the 1storder Farallon slab to
the east renders it likely that the Wichita slab represents subducted lithosphere of
early Mesozoic age. Since the Farallon slab is associated with subduction at the
Laurentian continental margin, the Wichita slab most likely represents the time-
equivalent intra-oceanic subduction zone consuming Panthalassa lithosphere, to
create part of the intra-oceanic Stikinia-Quesnellia arc (with the other part associated
with the TA slab), starting in the middle-late Triassic and ending in the early-middle
Jurassic by accretion to Laurentia (Nokleberg et al. (2000), Johnston and Borel

(2007)).
. Derived midpoint (lon, lat, depth): -95 35 2366
. Age slab (max-min): 219 +/- 11 to 178 +/- 15 Ma
. Category: I, Region; Laurentian
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Supplementary Figure 29 a) Tomographic slice at 500 km depth of Amaru (2007) projected to the earth’s surface, b)
modified reconstruction of Torsvik et al. (2008) at 40 Ma with the interpreted subduction zones and other tectonic
features. Within the upper mantle many slabs are recognised to be continuations of presently active subducting plates
(Aegean Tethys, Ca, Kc,Mc). Also there are detached slabs visible of at least Mid-Cenozoic age (Hi). The age range of
the slabs at this depth varies significantly, due to differences in sinking rates and slab dips, but is less then 70 Ma. This
is in agreement with the Farallon anchor point deeper in the mantle that suggest that slabs at this depth are likely
younger then 70-80 Ma. A global 2 degree westward shift was applied to the 40 Ma plate tectonic reconstruction
(Torsvik et al. (2008)) to obtain a best-fit for this depth. Our interpretation of this depth slice is restricted to a global
overview of Recent-Cenozoic subduction before entering the lower mantle. Within the upper mantle more focussed
interpretations can be obtained from regional studies all around the globe.
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Supplementary Figure 30 a) Tomographic slice at 710 km depth of Amaru (2007) projected to the earth’s surface, b)
modified reconstruction of Torsvik et al. (2008) at 60 Ma with the interpreted subduction zones and other tectonic
features. At the top of the lower mantle, many slabs are recognised to be continuations of presently active subducting
plates (Aegean Tethys, Ca, Kc,Mc). Also there are detached slabs visible of at least Mid-Cenozoic in age (Hi). The age
interpretaton of the slabs at this depth is 40-70 Ma. This is in agreement with the Farallon anchor point deeper in the
mantle that suggest that slabs at this depth are likely younger then 70-80 Ma. A global 6 degree westward shift was
applied to the 60 Ma plate tectonic reconstruction (Torsvik et al. (2008)) to obtain a best-fit for this depth.
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Supplementary Figure 31 a) Tomographic slice at 920 km depth of Amaru (2007) projected to the earth’s surface, b)
modified reconstruction of Torsvik et al. (2008) at 80 Ma with the interpreted subduction zones and other tectonic
features. The top of the Farallon slab is found at this depth. This slab was defined by Grand et al. (1997) but the top
was interpreted at the present subduction zone. However above 920km depth the continuous Farallon slab becomes
discontinuous and disappears. What remains are dispersed fragments due to the Laramide orogeny, as described by
van der Lee and Nolet (1997). Therefore we have taken the start of the Laramide orogeny 70-80 Ma (Dickinson and
Snyder (1978)) as the top of the redefined Farallon slab. Interpretations of other slabs yields 60-100 Ma.

A global 8 degree westward shift was applied to the 80 Ma plate tectonic reconstruction (Torsvik et al. (2008)) to obtain
a best-fit for this depth.
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Supplementary Figure 32 a) Tomographic slice at 1175 km depth of Amaru (2007) projected to the earth’s surface, b)
modified reconstruction of Torsvik et al. (2008) at 100 Ma with the interpreted subduction zones and other tectonic
features. Based on the Farallon and Aegean Tethys anchor point above and below respectively, an age of ~100 Ma is
expected for this depth. Interpretations of other slabs yields 90-120 Ma. A global 14 degree westward shift was applied
to the 100 Ma plate tectonic reconstruction (Torsvik et al. (2008)) to obtain a best-fit for this depth.
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Supplementary Figure 33 a) Tomographic slice at 1325 km depth of Amaru (2007) projected to the earth’s surface, b)
modified reconstruction of Torsvik et al. (2008) at 120 Ma with the interpreted subduction zones and other tectonic
features. Based on the Farallon and Aegean Tethys anchor point above and below respectively, an age of ~110 Ma is
expected for this depth. Interpretations of other slabs yields 95-130 Ma. A global 17 degree westward shift was applied
to the 120 Ma plate tectonic reconstruction (Torsvik et al. (2008)) to obtain a best-fit for this depth.
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Supplementary Figure 34 a) Tomographic slice at 1700 km depth of Amaru (2007) projected to the earth’s surface, b)
modified reconstruction of Torsvik et al. (2008) at 140 Ma with the interpreted subduction zones and other tectonic
features. Based on the Farallon and Aegean Tethys anchor point above and below respectively, an age of ~135 Ma is
expected for this depth. Interpretations of other slabs yields 130-165 Ma. A global 18 degree westward shift was
applied to the 140 Ma plate tectonic reconstruction (Torsvik et al. (2008)) to obtain a best-fit for this depth.

NATURE GEOSCIENCE | www.nature.com/naturegeoscience 35



SUPPLEMENTARY INFORMATION DOI: 101038/NGEO708

1900 km - 160 Ma

a)

d : 1 s CCEC
Farallon : thys
So g

Legend

P-wave velocity anomaly

-0.4% I O +0.4%

b)
Mongol-Okhotsk

Id

Farallon

-~ Subduction 1st-3rd category  Spreading Ridge
_« Other subduction Zones —Transfer zones
__ Flat Slab Subduction

Supplementary Figure 35 a) Tomographic slice at 1900 km depth of Amaru (2007) projected to the earth’s surface, b)
modified reconstruction of Torsvik et al. (2008) at 160 Ma with the interpreted subduction zones and other tectonic
features. The base of Aegean Tethys slab found at this depth was identified by van Hinsbergen et al. (2005) of
approximately the age of the Jurassic-Cretaceous boundary. According to Stampfli and Borel (2004) subduction
initiated in this region between 180 and 155 Ma. Based on the Farallon and Mongol-Okhotsk anchor points, above and
below respectively an age of ~150 Ma is expected for this depth. Interpretations of other slabs yields 145-180 Ma. A
global 18 degree westward shift was applied to the 160 Ma plate tectonic reconstruction (Torsvik et al. (2008)) to obtain

a best-fit for this depth.
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Supplementary Figure 36 a) Tomographic slice at 2100 km depth of Amaru (2007) projected to the earth’s surface, b)
modified reconstruction of Torsvik et al. (2008) at 180 Ma with the interpreted subduction zones and other tectonic
features. Based on the top Farallon and Aegean Tethys anchor point above and the Mongol-Okhotsk and base Farallon
anchor points below respectively, an age of ~170 Ma is expected for this depth. Interpretations of other slabs yields
150-210 Ma. A global 17 degree westward shift was applied to the 180 Ma plate tectonic reconstruction (Torsvik et al.
(2008)) to obtain a best-fit for this depth.
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Supplementary Figure 37 a) Tomographic slice at 2300 km depth of Amaru (2007) projected to the earth’s surface, b)
modified reconstruction of Torsvik et al. (2008) at 200 Ma with the interpreted subduction zones and other tectonic
features. The top of the Mongol-Okhotsk slab is found at this depth. This is the northern part of the Z-shaped anomaly
of van der Voo (1999a) and was estimated to be approximately 150 Ma old. According to Stampfli and Borel (2004)
subduction ceased between North China and Siberia between 180 and 155 Ma. Interpretations of other slabs yields
175-225 Ma. A global 15 degree westward shift was applied to the 200 Ma plate tectonic reconstruction (Torsvik et al.
(2008)) to obtain a best-fit for this depth.
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Supplementary Figure 38 a) Tomographic slice at 2480 km depth of Amaru (2007) projected to the earth’s surface, b)
modified reconstruction of Torsvik et al. (2008) at 220 Ma with the interpreted subduction zones and other tectonic
features. The base of the Farallon slab is found at this depth and base was initially estimated to be approximately 100
Ma old (Grand et al. (1997)). However several orogenic phases (Nevadan, Sevier, Laramide), occurred at the western
Laurentian margin, suggesting continuous convergence in this region since the Jurassic. We assume subduction to
have initiated between 207-180 Ma (Ward (1995)), or 193-163 Ma (Nokleberg et al. (2000)) causing the base of the
Farallon slab. This new interpretation is in agreement with the Aegean Tethys and Mongol-Okhotsk anchor points.
Interpretations of other slabs yields 185-235 Ma. A global 12 degree westward shift was applied to the 200 Ma plate
tectonic reconstruction (Torsvik et al. (2008)) to obtain a best-fit for this depth.
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Supplementary Figure 39 a) Tomographic slice at 2650 km depth of Amaru (2007) projected to the earth’s surface, b)
modified reconstruction of Torsvik et al. (2008) at 240 Ma with the interpreted subduction zones and other tectonic
features. Based on the base Farallon and top Mongol-Okhotsk anchor points above and the base Mongol-Okhotsk
anchor point below, an age of ~210 Ma is expected for this depth. Interpretations of other slabs yields 210-245 Ma. A
global 10 degree westward shift was applied to the 240 Ma plate tectonic reconstruction (Torsvik et al. (2008)) to obtain
a best-fit for this depth.
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Supplementary Figure 40 a) Tomographic slice at 2815 km depth of Amaru (2007) projected to the earth’s surface, b)
modified reconstruction of Torsvik et al. (2008) at 260 Ma with the interpreted subduction zones and other tectonic
features. The base of the Mongol-Okhotsk slab is found at this depth. This is the northern part of the Z-shaped anomaly
(van der Voo et al. (1999a)) and was estimated to be at least 200 Ma old. We have adopted a start of subduction
between North China and Siberia between 240 and 230 Ma (Stamplfi and Borel (2004)). Interpretations of other slabs

yields 230-270 Ma. A global 8 degree westward shift was applied to the 260 Ma plate tectonic reconstruction (Torsvik et
al. (2008)) to obtain a best-fit for this depth.
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