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Introduction

A digital model file of the CAP22 tomographic model with and without the crustal

correction is available at IRIS EMC (https://ds.iris.edu/ds/products/emc-cap22/ un-

der the doi: 10.17611/dp/emc.2023.cap22.1). Below we give details of the data set, to-

mographic inversion and additional checkerboard tests.

The Global Data Set

Figures S1 and S2 show the earthquake and station locations used in the tomographic

inversion. Phase arrivals from the EHB Bulletin are available at http://www.isc.ac.uk/ehbbulletin/.

Phase arrivals from USArray are available to the community as CSS monthly files from

the ANF (http://anf.ucsd.edu/tools/events/). We make use of further phase arrivals updated

after Burdick et al. (2017), Boyce et al. (2019) and Boyce et al. (2021) to more accurately

constrain the background model.
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Figure S1. Earthquake map derived from the EHB Bulletin (see Li et al., 2008) and supple-

mentary data updated after Burdick et al. (2017), Boyce et al. (2019) and Boyce et al. (2021),

combined with newly incorporated teleseismic earthquakes recorded across North America.

Figure S2. Seismograph station map derived from the EHB Bulletin (see Li et al., 2008) and

supplementary data updated after Burdick et al. (2017), Boyce et al. (2019) and Boyce et al.

(2021), combined with newly incorporated publicly available networks across North America.
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Direct P-wave Absolute Arrival-time Residuals

Figure S3 shows the direct-P phase mean absolute arrival-time residuals for sta-

tions in the EHB database (Engdahl et al., 1998) used by Li et al. (2008), USArray sta-

tions and those from other temporary North American seismograph stations added here

(see main manuscript). Residuals from other phases (e.g., Pn, Pg, pP, PKP and PKIKP)

are not plotted but are used to better constrain the crust and deep mantle.
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Figure S3. Mean (a) and standard deviation (b) of the direct-P phase absolute arrival-time

residuals for the EHB database (Engdahl et al., 1998) used by Li et al. (2008), USArray stations

and those from other North American data sets summarized in the main manuscript (Figure 2).

Our newly added direct P-wave arrival-times from North American temporary seismograph sta-

tions total 202,719 absolute time picks. Residuals have been corrected for both station elevation

and Earth’s ellipticity.
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Relative Arrival-time Analysis

We downloaded vertical component broadband seismic data from publicly avail-

able seismograph networks across Canada and Alaska over the period 2005–2020. We

exclude data for the USArray Transportable Array as this is available in processed form

already. We also exclude stations associated with glacial monitoring. We divide the sta-

tion networks into seven subregions (Figure S4); Alaska OBS (ALO), Alaska land-stations

(ALS), Alaska volcano network (ALV), Hudson Bay (HSB), Northwest Canada (NWC),

Southwest Canada (SWC), Western US - Cascadia - OBS (WUO). For each subregion

we obtain relative arrival-times separately using Multi-Channel Cross-correlation (VanDecar

& Crosson, 1990) as outlined more precisely by Boyce et al. (2016). For NWC we repro-

cess the data from Estève et al. (2020) spanning 2002–2018 but exclude the USArray TA

data. For HSB, we take directly the relative arrival-times calculated by Liddell et al. (2018)

spanning 2004–2015 (replotted in Figure S8 and convert these to absolute-times in the

following section.

For the Alaskan OBS data set 2,177 picks are derived from 98 earthquakes recorded

at 89 stations recording data from 2018–2019. For the Alaskan land-station data set 96,110

picks are derived from 2,793 earthquakes recorded at 376 stations. For the Alaskan vol-

cano network (ALV) data set 1,816 picks are derived from 37 earthquakes recorded at

127 stations. For the Hudson Bay data set 8,252 picks are derived from 668 earthquakes

recorded at 62 stations. For the Northwest Canadian data set 39,507 picks are derived

from 2,250 earthquakes recorded at 171 stations. For the Southwest Canadian data set

49,273 picks are derived from 2,276 earthquakes recorded at 302 stations. For the West-

ern US - Cascadia - OBS data set 1,218 picks are derived from 69 earthquakes recorded

at 256 stations recording data from 2010–2015. Figures S5–S11 document these results.
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Figure S4. Map of publicly available seismic networks (colored) across Canada and Alaska,

initially processed separately (Figures S5–S11), overlain on global and USArray TA network

coverage (grey). Details of seismic networks used are found in the Open Research Section of the

main manuscript.

–6–



manuscript submitted to JGR: Solid Earth

Mean Relative arrival­time residuals
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Figure S5. For the Alaskan OBS data set: (a) Map of station mean relative arrival-time

residuals obtained using Multi-channel cross-correlation (VanDecar & Crosson, 1990). (b) Tele-

seismic earthquakes of magnitude mb ≥ 6.0 (blue dots) have adequate SNR at ≥ 4 stations across

the regional network. Concentric rings are separated by 30◦ increments in epicentral distance

from the center of the network. (c) Distribution of relative arrival-time residuals. (d) Residual

distribution with back-azimuth. (e) Residual distribution with epicentral distance. Data sources:

XO-2018 (Abers et al., 2018; Barcheck et al., 2020).
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Mean Relative arrival­time residuals
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Figure S6. For the Alaskan land-station data set: (a) Map of station mean relative arrival-

time residuals obtained using Multi-channel cross-correlation (VanDecar & Crosson, 1990). (b)

Teleseismic earthquakes of magnitude mb ≥ 5.5 (blue dots) have adequate SNR at ≥ 4 stations

across the regional network. Concentric rings are separated by 30◦ increments in epicentral

distance from the center of the network. (c) Distribution of relative arrival-time residuals. (d)

Residual distribution with back-azimuth. (e) Residual distribution with epicentral distance. Data

sources: AK-1987 (Alaska Earthquake Center, Univ. of Alaska Fairbanks, 1987; D’Alessandro

& Ruppert, 2012), AT-1967 (NOAA National Oceanic and Atmospheric Administration (USA),

1967; Oppenheimer et al., 2005), AV-1988 (Alaska Volcano Observatory/USGS, 1988; Dixon et

al., 2013), GM-2016 (U.S. Geological Survey, 2016; Ringler et al., 2021), II-1986 (Scripps Insti-

tution of Oceanography, 1986; Ringler et al., 2021), IM-1965 (Various Authors, 1965; Ringler et

al., 2021), IU-2014 (Albuquerque Seismological Laboratory/USGS, 2014; Ringler et al., 2021),

PN-1998 (Indiana University Bloomington (IU Bloomington), 1998), US-1990 (Albuquerque

Seismological Laboratory (ASL)/USGS, 1990; Ringler et al., 2021), XM-2011 (Keranen, 2011),

XR-2004 (Song & Christensen, 2004), XV-2007 (Larsen & Truffer, 2007), XZ-2005 (Hansen &

Pavlis, 2005; Berger et al., 2008), ZE-2015 (Tape et al., 2015, 2017).
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Mean Relative arrival­time residuals
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Figure S7. For the Alaskan volcano network (ALV) data set: (a) Map of station mean rela-

tive arrival-time residuals obtained using Multi-channel cross-correlation (VanDecar & Crosson,

1990). (b) Teleseismic earthquakes of magnitude mb ≥ 5.5 (blue dots) have adequate SNR at ≥ 4

stations across the regional network. Concentric rings are separated by 30◦ increments in epicen-

tral distance from the center of the network. (c) Distribution of relative arrival-time residuals.

(d) Residual distribution with back-azimuth. (e) Residual distribution with epicentral distance.

Data sources: AV-1988 (Alaska Volcano Observatory/USGS, 1988; Dixon et al., 2013).
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Mean Relative arrival−time residuals
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Figure S8. For the Hudson Bay data set: (a) Map of station mean relative arrival-time

residuals. (b) Teleseismic earthquakes of magnitude mb ≥ 5.5 (blue dots) have adequate SNR

at ≥ 4 stations across the regional network. Concentric rings are separated by 30◦ increments

in epicentral distance from the center of the network. (c) Distribution of relative arrival-time

residuals. (d) Residual distribution with back-azimuth. (e) Residual distribution with epicen-

tral distance. Plot produced using the relative arrival-time data of (Liddell et al., 2018). Data

sources: CN-1975 (Natural Resources Canada (NRCAN Canada), 1975; North, 1994; Bent et

al., 2019), PO-2000 (Geological Survey of Canada, 2000; Eaton et al., 2004; Snyder et al., 2003),

X5-2007 (University of Bristol (UK), 2007; Bastow et al., 2015).
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Mean Relative arrival­time residuals
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Figure S9. For the Northwest Canadian data set: (a) Map of station mean relative arrival-

time residuals obtained using Multi-channel cross-correlation (VanDecar & Crosson, 1990), repro-

cessed after Estève et al. (2020). (b) Teleseismic earthquakes of magnitude mb ≥ 6.0 (blue dots)

have adequate SNR at ≥ 4 stations across the regional network. Concentric rings are separated

by 30◦ increments in epicentral distance from the center of the network. (c) Distribution of rela-

tive arrival-time residuals. (d) Residual distribution with back-azimuth. (e) Residual distribution

with epicentral distance. Data sources: CN-1975 (Natural Resources Canada (NRCAN Canada),

1975; North, 1994; Bent et al., 2019), NY-2013 (University of Ottawa (uOttawa Canada), 2013;

Estève et al., 2020), PO-2000 (Geological Survey of Canada, 2000; Eaton et al., 2004; Snyder et

al., 2003), RV-2013 (Alberta Geological Survey / Alberta Energy Regulator, 2013; Schultz et al.,

2015), XN-2003 (Gaherty & Revenaugh, 2003; Mercier et al., 2009), Y5-2006 (University of Al-

berta (UAlberta Canada), 2006; Gu et al., 2011), YO-2016 (Yukon Geological Survey, 206; Estève

et al., 2019), 7C-2015 (Schutt & Aster, 2015; Baker et al., 2020).
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Figure S10. For the Southwest Canadian data set: (a) Map of station mean relative arrival-

time residuals obtained using Multi-channel cross-correlation (VanDecar & Crosson, 1990). (b)

Teleseismic earthquakes of magnitude mb ≥ 5.5 (blue dots) have adequate SNR at ≥ 4 stations

across the regional network. Concentric rings are separated by 30◦ increments in epicentral

distance from the center of the network. (c) Distribution of relative arrival-time residuals. (d)

Residual distribution with back-azimuth. (e) Residual distribution with epicentral distance. Data

sources: 1E-2018 (Natural Resources Canada (NRCAN Canada), 2018; Babaie Mahani et al.,

2019), 2K-2014 (Schultz et al., 2014, 2020), AK-1987 (Alaska Earthquake Center, Univ. of Alaska

Fairbanks, 1987; D’Alessandro & Ruppert, 2012), C8-2002 (Natural Resources Canada (NRCAN

Canada), 2002), CN-1975 (Natural Resources Canada (NRCAN Canada), 1975; North, 1994;

Bent et al., 2019), EO-2018 (University of Calgary (U of C Canada), 2018; Boggs et al., 2018),

PO-2000 (Geological Survey of Canada, 2000; Eaton et al., 2004; Snyder et al., 2003), RV-2013

(Alberta Geological Survey / Alberta Energy Regulator, 2013; Schultz et al., 2015), TD-2013

(TransAlta Corporation, 2013; Cui & Atkinson, 2016), XL-2017 (McGill University (Canada),

2017; Roth et al., 2020), XN-2003 (Gaherty & Revenaugh, 2003; Mercier et al., 2009), XY-2005

(Dueker & Zandt, 2005; Calkins et al., 2010), Y5-2006 (University of Alberta (UAlberta Canada),

2006; Gu et al., 2011).
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Figure S11. For the Western US (Cascadia) OBS data set: (a) Map of station mean relative

arrival-time residuals obtained using Multi-channel cross-correlation (VanDecar & Crosson, 1990).

(b) Teleseismic earthquakes of magnitude mb ≥ 5.5 (blue dots) have adequate SNR at ≥ 4 sta-

tions across the regional network. Concentric rings are separated by 30◦ increments in epicentral

distance from the center of the network. (c) Distribution of relative arrival-time residuals. (d)

Residual distribution with back-azimuth. (e) Residual distribution with epicentral distance. Data

sources: (see Toomey et al., 2014): 7A-2010 (Woods Hole Oceanographic Institution (WHOI),

2010), 7D-2011 (IRIS OBSIP, 2011), OO-2013 (Rutgers University, 2013), X9-2012 (Nabelek &

Braunmiller, 2012), Z5-2013 (Nabelek & Braunmiller, 2013)
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Absolute Arrival-time Analysis

We next convert relative arrival-times derived from the subregions in the previous

section to absolute arrival-times using the Absolute Arrival-time Recovery Method (AARM

- see Boyce et al., 2017). Absolute arrival-time residuals are calculated with respect to

the global mean and can therefore be combined with global pick databases. AARM yields

2,076 picks for the Alaskan OBS data set, 91,429 picks for the Alaskan land-station data

set, 1,756 picks for the Alaskan volcano network (ALV) data set, 8,252 picks for the Hud-

son Bay data set, 37,444 picks for the Northwest Canadian data set, 44,270 picks for the

Southwest Canadian data set and 1,095 picks for the Western US (Cascadia) OBS data

set (Figures S12–S18).

–14–



manuscript submitted to JGR: Solid Earth

0

50
0

10
00

Frequency

−
6

−
4

−
2

0
2

4
6

A
bs

ol
ut

e 
ar

riv
al

−
tim

e 
re

si
du

al

A
bs

ol
ut

e 
ar

riv
al

−
tim

e 
re

si
du

al
 d

is
tr

ib
ut

io
n

m
ea

n 
=

 −
0.

84
3

s.
d.

 =
  1

.4
82

20
76

 tr
ac

es

94
.0

27
%

 <
 +

/−
3s

d

0

50
0

10
00

Frequency

0.
00

0.
25

0.
50

P
ic

k 
er

ro
r 

es
tim

at
e

A
ut

oc
or

re
la

tio
n 

er
ro

r 
es

tim
at

e

m
ea

n 
=

 0
.2

04

s.
d.

 =
  0

.0
81

35
.1

16
%

 <
 +

/−
0.

15
s

a

0.
0

0.
5

Mean Pick error

1
2

5
10

20
50

10
0

20
0

50
0

10
00

M
ea

n 
tr

ac
e 

S
N

R

M
ea

n 
A

ut
oc

or
re

la
tio

n 
pi

ck
 e

rr
or

 v
s 

S
N

R

b

0.
0

0.
5

1.
0

Mean Trace XC with stack

1
2

5
10

20
50

10
0

20
0

50
0

10
00

M
ea

n 
tr

ac
e 

S
N

R

T
ra

ce
−

st
ac

k 
cr

os
s−

co
rr

el
at

io
n 

vs
 S

N
R

e

510205010
0

20
0

50
0

10
00

20
00

50
00

10
00

0
20

00
0

50
00

0
10

00
00

20
00

00
50

00
00

Stack SNR

1
2

5
10

20
50

10
0

20
0

50
0

10
00

M
ea

n 
tr

ac
e 

S
N

R

S
ta

ck
 v

s 
av

er
ag

e 
tr

ac
e 

S
N

R

c

A
la

sk
an

 O
B

S

Figure S12. For the Alaskan OBS data set: (a) Distribution of autocorrelation pick error

estimates for each arrival-time. (b) Mean autocorrelation pick error against mean trace SNR for

each earthquake. (c) Stacked trace SNR against mean trace SNR for each earthquake. Line y=x

(black line). (d) Distribution of absolute arrival-time residuals. (e) Mean cross-correlation coeffi-

cient of each trace with the stack against mean trace SNR for each earthquake.
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Figure S13. For the Alaskan land-station data set: (a) Distribution of autocorrelation pick

error estimates for each arrival-time. (b) Mean autocorrelation pick error against mean trace

SNR for each earthquake. (c) Stacked trace SNR against mean trace SNR for each earth-

quake. Line y=x (black line). (d) Distribution of absolute arrival-time residuals. (e) Mean

cross-correlation coefficient of each trace with the stack against mean trace SNR for each earth-

quake.
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Figure S14. For the Alaskan volcano network (ALV) data set: (a) Distribution of autocor-

relation pick error estimates for each arrival-time. (b) Mean autocorrelation pick error against

mean trace SNR for each earthquake. (c) Stacked trace SNR against mean trace SNR for each

earthquake. Line y=x (black line). (d) Distribution of absolute arrival-time residuals. (e) Mean

cross-correlation coefficient of each trace with the stack against mean trace SNR for each earth-

quake.
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Figure S15. For the Hudson Bay data set: (a) Distribution of autocorrelation pick error es-

timates for each arrival-time. (b) Mean autocorrelation pick error against mean trace SNR for

each earthquake. (c) Stacked trace SNR against mean trace SNR for each earthquake. Line y=x

(black line). (d) Distribution of absolute arrival-time residuals. (e) Mean cross-correlation coeffi-

cient of each trace with the stack against mean trace SNR for each earthquake.
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Figure S16. For the Northwest Canadian data set: (a) Distribution of autocorrelation pick

error estimates for each arrival-time. (b) Mean autocorrelation pick error against mean trace

SNR for each earthquake. (c) Stacked trace SNR against mean trace SNR for each earth-

quake. Line y=x (black line). (d) Distribution of absolute arrival-time residuals. (e) Mean

cross-correlation coefficient of each trace with the stack against mean trace SNR for each earth-

quake.
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Figure S17. For the Southwest Canadian data set: (a) Distribution of autocorrelation pick

error estimates for each arrival-time. (b) Mean autocorrelation pick error against mean trace

SNR for each earthquake. (c) Stacked trace SNR against mean trace SNR for each earth-

quake. Line y=x (black line). (d) Distribution of absolute arrival-time residuals. (e) Mean

cross-correlation coefficient of each trace with the stack against mean trace SNR for each earth-

quake.
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Figure S18. For the Western US (Cascadia) OBS set: (a) Distribution of autocorrelation

pick error estimates for each arrival-time. (b) Mean autocorrelation pick error against mean

trace SNR for each earthquake. (c) Stacked trace SNR against mean trace SNR for each earth-

quake. Line y=x (black line). (d) Distribution of absolute arrival-time residuals. (e) Mean cross-

correlation coefficient of each trace with the stack against mean trace SNR for each earthquake.
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Coordinate Transformation and Adaptive Parameterization

To limit the impact of converging lines of longitude at high latitudes within Alaska

and northern Canada, immediately prior to tomographic inversion we employ a coordi-

nate transformation to move North America to equatorial latitudes (Figure S19). The

resulting adaptively parameterized grid of cells within the inversion is displayed at four

depths (a–d : 100–600 km) in Figure S20. Cells are plotted as fine black lines over the

CAP22 tomographic model.

(a) Coord. Transformation (b) Earthquake Location (c) Station Location

Figure S19. Through the applied data coordinate transformation (a) a point in central North

America (100◦W, 49◦N) is moved to (0◦E,0◦N) following the red line. Coastlines pre- (dashed)

and post-transformation (solid) are shown. Global distribution of earthquakes (b) and stations

(c) after coordinate transformation.
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Figure S20. The adaptively parameterized grid used in the inversion for CAP22 tomographic

model is indicated by fine black cells at four depths (a–d : 100–600 km) after coordinate trans-

formation (Figure S19). Wavespeed anomalies are plotted as percentage deviation from ak135

(δVP=±1.5%).
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Trade-off Curve Approach

We use a trade-off curve determine the horizontal- and vertical-gradient smooth-

ing parameters in CAP22 (Figure S21). The model damping parameter (N) has very lim-

ited impact on the resulting model around the knee of the trade-off curve. The preferred

model “E” lies near the knee of both curves in the global parameterization and has reg-

ularization values of H = 4000, R = 1000 and N = 50. Trade-off parameters are shown

in Tables S1–S3.
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Figure S21. Horizontal (a), vertical (b), combined horizontal and vertical (c), gradient

smoothing parameters used in the inversion for CAP22 are determined through a trade-off

curve approach. Root-mean-squared residual reduction (%) is plotted against model rough-

ness (s/km2). We choose model “E”. Absolute values can be found in Tables S1–S3.
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Horizontal Gradient Smoothing

Label H R Roughness RMS res. Red.

A 250 1000 1.87513 11.3873

B 500 1000 1.51540 10.9917

C 1000 1000 1.16309 10.1283

D 2000 1000 0.86519 8.79167

E 4000 1000 0.63525 6.9355

F 8000 1000 0.46610 5.20324

G 16000 1000 0.33421 3.77984

H 32000 1000 0.24970 2.58008

I 64000 1000 0.22863 1.49778

Table S1. Parameters from horizontal gradient smoothing (H) trade-off analysis corresponding

to Figure S21a.

Vertical Gradient Smoothing

Label H R Roughness RMS res. Red.

A 4000 62 1.27531 7.3903

B 4000 125 1.18764 7.42002

C 4000 250 0.99440 7.40066

D 4000 500 0.79882 7.22816

E 4000 1000 0.63525 6.9355

F 4000 2000 0.51334 6.42004

G 4000 4000 0.41755 5.57791

H 4000 8000 0.34138 4.63276

I 4000 16000 0.29671 4.30321

Table S2. Parameters from vertical gradient smoothing (R) trade-off analysis corresponding to

Figure S21b.

–25–



manuscript submitted to JGR: Solid Earth

Horizontal and Vertical Gradient Smoothing

Label H R Roughness RMS res. Red.

A 4000 62 1.27531 7.3903

B 4000 125 1.18764 7.42002

C 4000 250 0.99440 7.40066

D 4000 500 0.79882 7.22816

E 4000 1000 0.63525 6.9355

F 4000 2000 0.51334 6.42004

G 4000 4000 0.41755 5.57791

H 4000 8000 0.34138 4.63276

I 4000 16000 0.29671 4.30321

Table S3. Parameters from combined horizontal (H) and vertical (R) gradient smoothing

trade-off analysis corresponding to Figure S21c.
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Additional Checkerboard Resolution Tests

We distribute alternating δVP = ±2% wavespeed anomalies of 300 km thickness

throughout the model space at 200 km, 500 km and 800 km depth to form the input to

additional checkerboard resolution tests. We test lateral anomaly length scales of 10◦

below the entirety of North America and additionally length scales of 1–2◦ below Alaska

(Figures S22–S24). Discussion of these tests is found in Section 2.3 of the main manuscript.

We calculate arrival-time residuals through synthetic wavespeed models using identical

ray paths to the observed data and add 0.2 s standard deviation Gaussian noise before

inversion.
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Figure S22. Checkerboard resolution tests using δVP = ±2.0% input wavespeed anomalies

of 10◦ width. Positive and negative input anomalies arranged in an alternating grid centered

at 200 km, 500 km and 800 km depth are displayed in map (a) and cross section along the W-E

profile (e). Visual defects within the input anomaly model result from a coarse adaptive grid

in poorly sampled regions (Figure S20). Recovered anomalies (b–d,f ) are displayed on the same

color scale as the input.
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Figure S23. Checkerboard resolution tests shown for Alaska using δVP = ±2.0% input

wavespeed anomalies of 2◦ width. Positive and negative input anomalies arranged in an alter-

nating grid centered at 200 km, 500 km and 800 km depth are displayed in map view (a). Visual

defects within the input anomaly model result from a coarse adaptive grid in poorly sampled re-

gions (Figure S20). Recovered anomalies (b–h) are displayed on the same color scale as the input.

We use the same cross-sections as Figure 11 in the main manuscript to assist comparison.–29–
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Figure S24. Fine-scale checkerboard resolution tests shown for Alaska using δVP = ±2.0%

input wavespeed anomalies of 1.0◦ and 1.5◦ width (size shown in lower left of each sub figure).

Positive and negative input anomalies arranged in an alternating grid centered at 200 km, 500 km

and 800 km depth are displayed in map view (a,c). Visual defects within the input anomaly

model result from a coarse adaptive grid in poorly sampled regions (Figure S20). Recovered

anomalies (b,d–h) are displayed on the same color scale as the input. Cross sections intersect

Denali Volcanic Gap (DVG: see main manuscript).
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