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S U M M A R Y
The Pacific Coast of Central North America is a geodynamically complex region which
has been subject to various geophysical processes operating on different timescales. Glacial
isostatic adjustment (GIA), the ongoing deformational response of the solid Earth to past
deglaciation, is an important geodynamic process in this region. In this study, we apply earth
models with 3-D structure to determine if the inclusion of lateral structure can explain the poor
performance of 1-D models in this region. Three different approaches are used to construct
3-D models of the Earth structure. For the first approach, we adopt an optimal 1-D viscosity
structure from previous work and add lateral variations based on four global seismic shear
wave velocity anomalies and two global lithosphere thickness models. The results based on
these models indicate that the addition of lateral structure significantly impacts modelled RSL
changes, but the data-model fits are not improved. The global seismic models are limited in
spatial resolution and so two other approaches were considered to produce higher resolution
models of 3-D structure: inserting a regional seismic model into two of the global seismic
models and, explicitly incorporating regional structure of the Cascadia subduction zone and
vicinity, that is the subducting slab, the overlying mantle wedge and the plate boundary
interface. The results associated with these higher resolution models do not reveal any clear
improvement in satisfying the RSL observations, suggesting that our estimates of lateral
structure are inaccurate and/or the data-model misfits are primarily due to limitations in the
adopted ice-loading history. The different realizations of 3-D Earth structure gives useful
insight to uncertainty associated with this aspect of the GIA model. Our results indicate that
improving constraints on the deglacial history of the southwest sector of the Cordilleran ice
sheet is an important step towards developing more accurate of GIA models for this region.

Key words: Structure of the Earth; Loading of the Earth; Sea level change; North America;
Rheology: mantle.

1 I N T RO D U C T I O N

The isostatic response of the Earth to the most recent global-scale
deglaciation (approximately 21 000–7000 yr before present) dom-
inates secular changes in land height, the gravity field and relative
sea level (RSL) in formerly glaciated regions and adjacent areas
(e.g. Clark et al. 1978; Mitrovica & Peltier 1989; Lambeck et al.
1998). The Pacific coast of North America was proximal to the Lau-
rentian ice sheet and partially covered by the Cordilleran ice sheet
during the last glacial period (Fig. S1) and thus is significantly influ-
enced by this process, commonly termed glacial isostatic adjustment
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(GIA). The effect of GIA is reflected in various data types, including
palaeo reconstructions of RSL change (e.g. Engelhart et al. 2015)
and measurements of land motion determined via the Global Posi-
tioning System (GPS; e.g. Montillet et al. 2018). Numerous studies
have applied RSL reconstructions to constrain two primary compo-
nents of GIA models in this region: solid Earth viscosity structure
and the regional ice loading history (James et al. 2000, 2005, 2009a,
b; Clague & James 2002; Muhs et al. 2012; Roy & Peltier 2015;
Yousefi et al. 2018). All of these studies are based on the con-
ventional spherically symmetric earth models which consider only
radially variable viscosity structure.

Due to the proximity of this coastline to an active plate boundary,
which includes the Cascadia Subduction zone, the observations
mentioned above are also affected by the associated tectonic activity.
A major component of this signal is a result of the convergence and
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subduction of the remnants of the ancient Farallon oceanic plate, that
is the Juan de Fuca, Gorda and Explorer plates, beneath the North
American Plate (Severinghaus & Atwater 1990). In order to use RSL
and land motion observations to constrain GIA model parameters,
it is first necessary to estimate and remove the contribution from
tectonic processes.

In a comprehensive 1-D GIA study for the west coast of North
America, Yousefi et al. (2018) constrained GIA model parameters
using a regional RSL data set with geographic extent from north-
ern Vancouver Island to southern California. They adopted a broad
range of model parameters, comprised of 704 Earth viscosity mod-
els and 29 different ice history models to constrain these primary
GIA model parameters. One aspect that was addressed in their study
is the effect of tectonic activity on local RSL change in this area
and its potential impact on the GIA parameter inferences. Their re-
sults suggest significant spatial variability in mantle viscosity with a
preference of lower values in the northern sector and increasing val-
ues towards the south. They also showed that no single 1-D model
can fit the entire data set, emphasizing the potential importance of
lateral structure to accurately model the GIA response.

There has been increasing interest in applying 3-D earth mod-
els that can accommodate lateral viscosity structure when mod-
elling the GIA response at regional scales (e.g. Paulson et al. 2007;
Austermann et al. 2013; Van der Wal et al. 2013; Li et al. 2018;
Milne et al. 2018; Kuchar et al. 2019; Wu & Van der Wal 2003;
2015). A common approach taken in most of these studies is the
use of seismic velocity models to infer the lateral mantle viscos-
ity variations. Clark et al. (2019) presented 3-D GIA modelling
results for central Cascadia, from northern Washington to central
Oregon. In particular, they considered the sensitivity of Holocene
RSL predictions to a scaling factor used in the conversion of seis-
mic velocity anomalies, from the global S40RTS model (Ritsema
et al. 2011), to viscosity anomalies. Their results suggest a relatively
low-viscosity asthenosphere (∼8 × 1019 Pa s) and higher viscos-
ity values at mid-upper mantle depths (slightly higher than 1021

Pa s). Their results also highlight the significant impact of lateral
viscosity variations on predicted Holocene RSL change in central
Cascadia.

In this study, we expand and complement the results of Clark
et al. (2019) by considering a larger study area that extends north
to northern Vancouver Island and south to southern California. As
noted in Yousefi et al. (2018), the RSL data from southern British
Columbia represent the greatest challenge for model fitting due to
the highly non-monotonic changes that are typical of sites close to
the ice margin. Uncertainty and error in the ice loading history are
important aspects to consider at these sites as well as the influence
of lateral Earth structure. A second aspect of our study that also
extends the work of Clark et al. (2019) is that we consider four
seismic models in estimating the lateral viscosity structure of the
region as well as two global models of lithosphere thickness. Thus,
we can assess if the RSL data indicate a preference for a particular
seismic model.

We also consider two different approaches to define higher resolu-
tion lateral structure in the region given the relatively low resolution
of the (global) seismic models. As the first approach, we use a state-
of-the-art regional shear-wave seismic velocity model (Hawley &
Allen 2019) and integrate it with two of the global seismic models.
Alternatively, we use information on the extent of the Cascadia slab
(Blair et al. 2011) to define a high-viscosity slab beneath the North
American plate and a low-viscosity region between the subducting
slab and the overlying continental lithosphere, the so-called ‘mantle
wedge’. The Cascadia forearc mantle wedge is stagnant and heavily

serpentinized owing to the fluids produced from the shallow dehy-
dration of the young and warm slab (Brocher at al. 2003; Wada et al.
2008). The relatively small scale of the subducting slab and mantle
wedge are not captured in the global seismic models. We evaluate
the accuracy of these different 3-D viscosity models by comparing
output to observations of RSL change.

2 M E T H O D S

2.1 The RSL observations

We use two published compilations of sea level data sets along the
Pacific coast of North America to evaluate the accuracy of the mod-
els developed in this study: one from Vancouver Island to Central
California (Engelhart et al. 2015), and one from Central Califor-
nia to Southern California (Reynolds & Simms 2015). The specific
distribution of sites was chosen based on various criteria such as tec-
tonic setting and distance from the former ice sheet (Engelhart et al.
2015; Yousefi et al. 2018). Each site comprises a relative sea level
data set including both sea level index points (SLIPs) and limiting
data (freshwater and marine indicators) as illustrated in the original
publications that the data are extracted from (Engelhart et al. 2015;
Reynolds & Simms 2015). We note that only the location of index
points and the corresponding average of these are plotted in Fig. 1. A
key prerequisite for a robust comparison between model predictions
and observations is that the RSL data reflect only the influence of
GIA. Considering the potential contribution from a tectonic signal
in this region, we use a version of the data set that is corrected for
the effect of tectonics using uplift rate estimates based on last in-
terglacial shoreline elevations (Yousefi et al. 2018, see their section
2.1.1 and Table 1 for more details on the applied tectonic rates).

2.2 The model

We apply a forward modelling approach using a numerical finite-
volume method for computing the response of a self-gravitating,
Maxwell (viscoelastic) Earth to a specified surface loading history
(Latychev et al. 2005a). The model solves the underlying equations
(e.g. Wu & Peltier 1982) to compute solid Earth deformation on
a spherical tetrahedral grid and output surface observables such
as vertical displacement, changes in gravity and relative sea level
change. The global tetrahedral grid is a multilayered spherical struc-
ture with triangulated spherical surfaces at user defined depths. Each
tetrahedron has four vertices, known as grid nodes. Computational
grid consists of a total number of ∼17 million nodes and ∼94 mil-
lion elements. A number of physical properties, including density,
elastic Lamé parameters, and viscosity are allocated to each of the
computational grid nodes. Lateral resolution of the global compu-
tational grid is ∼12–15 km at the top surface and decreases with
depth, with an average spacing of ∼60 km at the core–mantle bound-
ary. Similarly, the radial resolution of the grid is greatest near the
surface (∼12 km) and decreases towards the core–mantle boundary
(∼50 km).

The sea level calculator solves the generalized sea level equation
(Mitrovica & Milne 2003; Kendall et al. 2005) and so accounts for
the evolution of coastlines. The influence of Earth rotation on GIA
observables is also built into the software (Milne & Mitrovica 1998;
Mitrovica et al. 2005). Solving the sea level equation requires two
key model inputs: an ice loading history and a viscoelastic model
of the Earth. The ice loading component is a spatio-temporal model
of thickness and extent of the Late Pleistocene ice sheets. The
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Figure 1. Map showing the spatial distribution of RSL data. The dark grey lines show plate boundaries, with the triangles indicating subduction of the Juan
de Fuca, Explorer and Gorda plates beneath the North American Plate. The grey rectangles correspond to each of the 13 regions considered. The locations
from where RSL data were acquired are indicated by yellow circles. The black diamonds in each region give the average location of the RSL data (index points
only) for that region. MTJ represents the Mendocino Triple Junction; SFZ, BFZ, MFZ and NFZ represent the Sovanco, Blanco and Mendocino fracture zones
and Nootka fault zone, respectively; SAF is the abbreviation for the San Andreas Fault; GS, PS and VI represent Georgia Strait, Puget Sound and Vancouver
Island, respectively. U.S. states—Washington (WA), Oregon (OR) and California (CA)—and the Canadian province British Columbia (BC) are indicated along
with their geographic boundaries (light grey lines). Shaded blue area around Vancouver Island marks the water boundary of the Salish Sea (Freelan, 2009; data
retreived from https://erma.noaa.gov/northwest/erma.html).

ice loading model is established by projecting the ice thickness
values on the surface nodal grid points of the global tetrahedral
grid. We use a specific model ‘6885’ selected from a large set of
reconstructions of the North American Ice Sheet Complex (Tarasov
et al. 2012) which is embedded in a background global model
of ice evolution (ICE5G; Peltier 2004). The North American ice
sheet reconstructions were simulated using a glacial systems model
which includes a variety of physical processes related to ice sheet

evolution in response to a defined climate forcing. Model output
was calibrated against various types of regional observations such
as RSL, ice extent, palaeo-lake levels and present-day crustal uplift
rates. See Tarasov et al. (2012) for more detail on the glacial systems
model and calibration procedure. We chose the 6885 ice model
following the work of Yousefi et al. (2018) who showed that this
particular ice loading history provides the best fit to the regional
RSL data.
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The 3-D viscoelastic earth models that we develop and apply
here consist of a high viscosity lithosphere (to simulate an elastic
medium on GIA timescale) with laterally variable thickness. We
define the lateral variations in lithosphere thickness using two global
models that are based on different approaches and observations as
detailed in Section 2.2.1. We scaled the lithosphere thickness to a
pre-defined value to enable comparison to output from 1-D models.
In this study, this scaling results in a global average thickness of
46 km to be consistent with the optimal value inferred in the analysis
of Yousefi et al. (2018). It is also compatible with the mean value
inferred in a global analysis of RSL observations (Lambeck et al.
2014).

The lateral viscosity structure of the mantle is superimposed
on a 1-D reference viscosity profile, which we describe below. In
this study, three different approaches are used to define departures
from our 1-D reference model: two give global estimates of 3-D
viscosity structure with one of these approaches including a higher
resolution regional model beneath our study region and the third
approach includes lateral structure in our study region only (see
Sections 2.2.2 and 2.2.3 for details on each approach). The density
and elastic structure of the earth model are defined only in 1-D (with
depth) and are given by the seismic model PREM (Dziewonski &
Anderson 1981).

The viscous depth-structure of the reference 1-D model is the
same as outlined in Yousefi et al. (2018) and is characterized by
uniform viscosity within the upper mantle (below the lithosphere
down to 670 km depth) and the lower mantle (from 670 km depth
to the core–mantle boundary). Yousefi et al. (2018) divided their
entire study area into three subregions: northern, from northern
Vancouver Island to northern Washington; central, from southern
Washington to southern Oregon; and southern, from northern Cal-
ifornia to southern California. Table S1 represents a summary of
the optimal model parameters that were inferred using RSL data
from each subregion, as well as those inferred from the entire data
set. The parameters inferred using the entire data set are biased
to northern sites given that the largest data-model residuals were
found in this region. For this reason, we have chosen to not use
this parameter set and use instead the optimal 1-D profile associ-
ated with the central region: (upper mantle viscosity (UMV) = 2
×1020 Pa s, lower mantle viscosity (LMV) = 1022 Pa s) as it is
centrally located in our study area and is broadly consistent with a
global analysis of RSL observations (Lambeck et al. 2014). Note,
however, that we adopt the thinner lithosphere value (46 km) de-
termined from considering the entire data set as the RSL data from
central and southern regions are also fit relatively well using this
value (Yousefi et al. 2018) and it is also more compatible with the
global analysis of Lambeck et al. (2014). Some additional model
runs were performed using a 1-D viscosity profile with a smaller
increase in viscosity between the upper and lower mantle as found
in other studies (e.g. Peltier 2004) and also supported by the data
set considered in Lambeck et al. (2014). While the application of
this model did produce different results, these differences are not
large enough to impact the conclusions of our analysis.

2.2.1 Lithosphere thickness models

We apply two global models of lateral variations in lithosphere
(elastic) thickness. One is the model presented by Zhong et al.
(2003) which is a modified version of an earlier model (Watts 2001),
hereafter referred to as the WA model, and the second is a model
that we have constructed based on the global continental lithosphere

model of Audet & Bürgmann (2011) which will be referred to as the
AB model in the following. The continental lithosphere thickness
in the WA model is estimated using a forward modelling technique
based on the results of flexural loading studies. For oceanic regions,
the elastic thickness depends on the thermal structure of the oceanic
lithosphere (mainly controlled by its age) and is defined as the depth
to the 750 ◦C isotherm (Zhong et al. 2003).

The AB model is a compilation of four components: a global
model of oceanic lithospheric thickness, a global model of elas-
tic thickness in continental areas (Audet & Bürgmann 2011) and
two regional estimates of lithospheric thickness beneath Green-
land (Steffen et al. 2018) and Antarctica (Chen et al. 2017). Over
oceanic areas, we follow the formulations presented in Caldwell &
Turcotte (1979) and assume that thermal structure and thickness of
the lithosphere are functions of the square root of ocean-floor age.
We apply a global seafloor age data set that is based on marine
magnetic anomaly isochrones (Müller et al. 2008) and define the
base of the oceanic lithosphere to correspond to the depth of the 700
◦C isotherm as proposed by Caldwell & Turcotte (1979). The conti-
nental lithosphere elastic thickness in the AB model was estimated
using an inverse modelling approach by computing the spectral co-
herence between topography and gravity anomalies and comparing
it to model predictions (Audet & Bürgmann 2011). The model of
Audet & Bürgmann (2011) covers all major continents except for
Greenland and Antarctica. For this reason, we have included the
regional models that use a similar inverse modelling technique to
infer the elastic thickness beneath Greenland (Steffen et al. 2018)
and Antarctica (Chen et al. 2017). Fig. 2 shows the lateral varia-
tions in lithospheric thickness at both global and regional scales and
illustrates that there is generally good agreement between the two
models. However, there are some differences, with the AB model
showing markedly lower values in most regions except for Africa,
North America and northwestern Eurasia. At the regional scale, the
WA model represents considerably greater thickness values for the
oceanic lithosphere reflecting the higher isotherm used to define
the base of this layer. The differences observed between the two
models can be primarily explained by the different methodologies
applied and the improved data sets used in the more recent analyses.
However, as mentioned in the previous section, the two models are
scaled to give a global mean of 46 km to match our 1-D reference
viscosity model.

2.2.2 Global viscosity structure

We apply four different global seismic tomography models to es-
timate lateral viscosity variations: S40RTS (Ritsema et al. 2011),
Savani (Auer et al. 2014), SEMUCB-WM1 (French & Romanowicz
2014) and SL2013 (Schaeffer & Lebedev 2013). Each of these mod-
els provides variations (relative to a global mean reference model)
in shear wave velocity throughout the whole mantle, except for
SL2013 which does not extend below 1000 km depth. The varia-
tions in seismic wave velocities can be attributed to the variations in
thermal and/or compositional structure. Assuming that the temper-
ature is the only driving factor, we follow Latychev et al. (2005a)
to determine the mantle viscosity structure using the following set
of eqs (1)–(3):

δlnρ (r, θ, ϕ) = ∂ ln ρ

∂ ln vs
(r ) δ ln vs (r, θ, ϕ) (1)

δT (r, θ, ϕ) = − 1

α (r )
δlnρ (r, θ, ϕ) (2)
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Figure 2. (a) Global and (b) regional elastic thickness variations of the lithosphere based on the global continental model of Audet & Bürgmann (2011),
referred to as the AB model (left-hand panel) and that presented by Zhong et al. (2003) referred to as the WA model (right-hand panel). See text for further
information.

η (r, θ, ϕ) = η0 (r ) e−∈ δT (r,θ,ϕ), (3)

where r, θ and ϕ are the radius, colatitude and east longitude, re-
spectively. The term δ ln vs(r, θ, ϕ) represents seismic shear wave

velocity perturbations and ∂ ln ρ

∂ ln vs
(r ) is a depth-dependant logarith-

mic scaling factor used to convert the velocity variations to den-
sity variations (δlnρ) (eq. 1). We adopt the radial profile of Forte
& Woodward (1997) for the velocity-to-density scaling coefficient
with an estimated range of ∼0.1–0.35. The variations in tempera-
ture (δT ) are then calculated by scaling the density field using the

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/226/1/91/6129801 by guest on 19 April 2024



96 M. Yousefi, G.A. Milne and K. Latychev

radially variable coefficient of thermal expansion, α(r ) (eq. 2). The
depth-dependent thermal expansion coefficient that we use here
is based on the high-temperature, high-pressure laboratory exper-
iments of Chopelas & Boehler (1992). Finally, the 3-D viscosity
structure (η) is estimated using an exponential function of the scaled
temperature anomalies (eq. 3). The scaling factor (ε) appearing in
the exponent of eq. (3), determines the degree of dependence of the
viscosity structure on temperature. We set this parameter to 0.04
◦C−1, which results in the viscosity anomaly pattern illustrated in
Fig. 3.

Fig. 3 shows the viscosity variations with respect to our reference
viscosity profile defined above (η0(r ), 2 ×1020 Pa s for the upper
mantle, and 1022 Pa s for the lower mantle) associated with each
seismic model at three different depths: 200, 600 and 1000 km.
(Note that SL2013 is primarily an upper mantle model and so has,
by construction, limited resolving power at 1000 km.) For each
model, there is considerable spatial variability in the inferred vis-
cosity variations at each indicated depth. The positive and negative
anomaly values mainly reflect the long-wavelength heterogeneity of
sublithospheric mantle features. For example, the relatively smooth
gradient in the upper mantle viscosity, which shows lower viscosity
values to the west, potentially arises from a hotter and shallower
asthenosphere in comparison to the colder and more stable eastern
section. The global velocity models generally lack sufficient resolu-
tion to image the shorter wavelength heterogeneity thought to exist
in this region. Nevertheless, the higher viscosity anomalies evident
in Fig. 3 can be attributed to the subducting Juan de Fuca-Gorda
slab (200 km depth) and remnant fragments from the Farallon slab
(600 km depth, e.g. Xue & Allen 2010; Obrebski et al. 2011). Fur-
thermore, the localized high viscosity anomaly associated with the
SEMUCB model in southern California at 200 km depth might
be due to the presence of lithospheric material at the base of the
asthenosphere resulting from the post-Laramide detachment of the
lithospheric root (Zandt et al. 2004). We note that each of the seis-
mic models use different data sets and modelling approaches which
cause the differences evident in the inferred viscosity variations
(Fig. 3). For further details about the data and methodology ap-
plied for producing each seismic model, please refer to the original
publications cited above.

2.2.3 Regional viscosity structure

Given the relatively low resolution of the global seismic models
introduced above, we used two alternative approaches to assign
regional 3-D viscosity structure at higher spatial resolution. For
the first approach, we use the regional shear wave seismic veloc-
ity model of Hawley & Allen (2019) and insert it into two of the
global seismic models: S40RTS and SEMUCB-WM1. The lateral
resolution of the regional seismic model is 0.25◦ (∼27 km) and
covers the entire area enclosed within (31◦N, 131◦W) and (51◦N,
101◦W). This regional S-wave velocity model has a uniform ra-
dial resolution of 25 km from the Earth surface to 1000 km depth.
The conversion from seismic velocity anomaly to viscosity varia-
tions for the regional model is based on the same procedure and
parameter values detailed in Section 2.2.2 for the global models.
The lateral viscosity variations generated by inserting the regional
model into the S40RTS and SEMUCB global models are shown in
Figs 4 and S2, respectively. Both of these composite models have a
similar viscosity perturbation pattern but with some differences in
amplitude which arise from the integration process that normalizes

the regional average to match the global average and also the in-
terpolation procedure that ensures a smooth transition in viscosity
where the two models are joined.

From Fig. 4 it is evident that the regional model better resolves
shorter-scale features that are not captured by the global models. An
example of such a feature is the subducting slab causing the positive
anomaly values as indicated in Fig. 4(a) which is also observed in
a vertical cross section of the viscosity model at 47◦N (Fig. 4b).
Another feature is a relatively strong negative anomaly representing
a buoyant low-viscosity layer beneath the downgoing slab which is
mapped as a north–south red layer along the western side of the slab
in Fig. 4. Although the integrated model reveals some of the shorter
wavelength viscosity perturbations associated with the subduction-
system, the amplitudes of the anomalies are considerably smaller
than those expected in such a system (see following paragraphs
in this section). For example, the subducting slab is characterized
by positive anomaly values that are only two orders of magnitude
greater than the background viscosity of the upper mantle.

As a second approach to build the regional 3-D viscosity struc-
ture, we explicitly consider the slab geometry and possible existence
of a low viscosity mantle wedge above the slab. Specifically, we in-
corporate a high-viscosity (1026 Pa s) slab, a low-viscosity (1018

Pa s) mantle wedge and a plate boundary interface between the
oceanic and the continental plates using a lithosphere viscosity of
1.7 × 1020 Pa s (Fig. 5). Thus, the model simulates plate boundaries
as weak zones within the lithosphere. The locations of plate bound-
aries are defined using a digital map of global plate boundaries
(Bird 2003) and our adopted viscosity value is compatible with that
suggested in some studies (e.g. Lamb 2015). The width of the plate
boundary is not constant and is defined using an adaptive tolerance
based on the local lithosphere thickness with thicker lithosphere
leading to a greater boundary width (although we define 96 km
as the maximum width). The edges of plate boundaries are verti-
cal except in the vicinity of a subducting slab where the boundary
edge will run parallel to the surface of the slab within the overlying
plate.

There are various factors that control the rheology of this regional
structure, including temperature, water content and composition.
Observations of surface heat flow indicate no evidence of anoma-
lously high values within the forearc mantle wedge suggesting that
this part of the mantle is stagnant and cold (Currie et al. 2004;
Wada et al. 2008). However, the influx of water-rich fluids from the
subducting oceanic plate into the overlying mantle wedge generates
hydrous minerals, in particular serpentine, that could reduce the vis-
cosity of the wedge corner (Hyndman & Peacock 2003). Although
there is no direct evidence for the existence of low viscosity mate-
rial within the mantle wedge, geodetic and geological constraints
such as crustal strain rates and RSL observations suggest a viscos-
ity value in range of 1018–1019 Pa s (James et al. 2000; Clark et al.
2019; Wang et al. 1994; Yousefi et al. 2018). Our considered value
for the mantle wedge viscosity (1018 Pa s) is in agreement with
these previous studies. James et al. (2009a, b) suggest that for a
10–40-km-thick mantle wedge, effective viscosities in the range of
1015–1017 Pa s would be required to effectively contribute to the ob-
served sea level response. Therefore, we also examine the influence
of a mantle wedge region with viscosity of 1015 Pa s.

Although we adopt a constant value of 1026 Pa s for the slab
viscosity, in reality, this value is not constant with variations in
the range of 103–106 Pa s (Billen 2008). For this reason, we also
perform an additional sensitivity test by reducing the slab viscosity
to 1023 Pa s. The slab geometry is generated based on a gridded
slab surface data set (Blair et al. 2011). This reconstruction of the

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/226/1/91/6129801 by guest on 19 April 2024



3-D GIA of the Pacific coast of North America" 97

Figure 3. Lateral viscosity variations at depths of 200 km (top row), 600 km (middle row) and 1000 km (bottom row), associated with four global seismic
models (from left-hand column to the right-hand column): S40RTS, Savani, SEMUCB-WM1 and SL2013. Note that these variations are relative to a chosen
1-D (radial) viscosity model [η0(r)].
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Figure 4. (a) Lateral viscosity anomalies at depths of 73, 140 and 200 km associated with (top row) the regional model of Hawley & Allen (2019) integrated
with the global S40RTS model, (bottom row) the global S40RTS model. (b) A vertical cross section of the viscosity structure along the surface profile a–a’ at
47◦ shown in (a). The inverse black triangle marks the approximate location of the trench.
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Figure 5. (a) Modelled regional structure of the Cascadia subduction zone in plan view: the subducting slab is shown in blue, the low-viscosity mantle wedge
zone in red and the plate boundary in dark grey. (b) Alternative view of the structure shown in (a) looking south and including the objects presented in (a) as
well as the lithosphere (green) which has a constant thickness of ∼46 km in this particular case. The plate boundary is confined within the lithosphere and is
vertical everywhere except for the slab region where it runs parallel to the surface of the slab within the overlying plate. Note that the plate boundary is not
distinguishable in (b) as it is within the lithosphere. These plots have been generated using Paraview software (Ahrens et al., 2005)

slab surface was primarily determined using three types of data:
regional earthquake hypocentre profiles, teleseismic traveltime data
and seismic reflection and refraction transects. We define the base of
the slab by assuming that it is characterized by a uniform thickness
of ∼55 km. The low-viscosity mantle wedge is then added as an
elongated 3-D triangular volume between the downgoing oceanic
slab and the overlying continental lithosphere (Fig. 5).

3 R E S U LT S A N D D I S C U S S I O N

In this section, we present results for the different realizations of the
3-D Earth structure described above. A complete list of these models
along with their characteristics is shown in Table S2. Fig. 6 shows
the net GIA signal as well as its associated loading components
(i.e. the ice and ocean loads) to the spatial variation in RSL at 10 ka
computed using the reference 1-D model. The ice loading dominates
the GIA signal causing a net RSL rise in parts of southern British
Columbia and net RSL fall in the rest of the study area since 10 ka.
The ocean loading component (Fig. 6c), produces a tilting pattern
with a net RSL rise offshore and RSL fall at onshore locations
which reflects the effect of continental levering (Clark et al. 1978;
Mitrovica et al. 2001). In order to quantify the influence of lateral
viscosity structure on the predicted RSL change, we use the results
in Fig. 6(a) as a reference case that output from models with 3-D
viscous structure are compared to in the following.

3.1 3-D global earth models

Fig. 7 shows the effect of sublithosphere mantle viscosity structure
on modelled RSL at 10 ka associated with four different global
seismic models as well as the influence of variations in lithosphere
thickness. The effect of sublithosphere variability in mantle viscos-
ity results in a long wavelength pattern of RSL change that generally
lies within ±10 m of the 1-D model results along the coastline. Al-
though there are some similarities between the contribution from

each global viscosity model, such as the positive RSL departure
from the 1-D reference model in northern California and southern
Oregon, there are also differences in both sign and magnitude. For
example, the Savani model results in negative RSL anomalies along
the coasts of British Columbia, Washington, and northern Oregon,
whereas the other models generally produce positive values in these
areas. Another example is the negative RSL values in central and
southern California associated with the SL2013 model, while the
other models give a positive departure from the 1-D model output.
In comparison to the effect of the sublithosphere mantle structure,
adding laterally variable lithosphere thickness causes shorter-scale
RSL spatial anomalies with greater amplitude (lower-panel plots
in Fig. 7). The high positive RSL values relative to the 1-D model
exceeding 30 m in northcentral Vancouver Island (northern Salish
Sea) is one good example of this shorter wavelength but higher
amplitude change. The RSL signals associated with the two differ-
ent lithosphere models generally follow similar patterns with some
notable amplitude differences, especially in the Vancouver Island
area. This discrepancy reflects the effect of the thicker/thinner litho-
sphere in damping/amplifying the Earth response to the applied ice
loading.

The combined influence of lateral mantle viscosity variations
and laterally variable lithosphere structure associated with the AB
model on RSL relative to the 1-D case is plotted in Fig. 8. Fig.
S3 shows the same results as Fig. 8 but for the WA lithosphere
model. Building on our discussion of the results in Fig. 7, compa-
rable interpretations apply to Figs 8 and S3: the longer-wavelength
variations can be attributed to the sublithosphere viscosity structure
and the smaller-scale, often higher-amplitude RSL signals, partic-
ularly around Vancouver Island, originate from lateral variations in
lithosphere thickness. The influence of lateral structure is less than
10 m along the coast from southern Washington to southern Cali-
fornia for all models except for the S40RTS model which results in
slightly higher RSL values (10–20 m) in Washington and Oregon
states. In the northern region, however, greater localized departures
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(c)(b)(a)

Figure 6. (a) Modelled RSL for the 1-D reference model (UMV = 2 ×1020 Pa s, LMV =1022 Pa s, and lithosphere thickness = 46 km) at 10 ka. The
contribution to this signal from ice and ocean loads are plotted in (b) and (c), respectively. The results shown in (a) are not simply the sum of those in the other
two plots due to the contributions from Earth rotation, meltwater addition (Barystatic sea level change) and syphoning which are included in (a) but not (b) or
(c).

(>20 m) from the 1-D model are evident for all considered seismic
models in northern Salish Sea.

Fig. 9 shows modelled RSL curves for the 1-D model case
(UMV = 2 × 1020 Pa s, LMV =1022 Pa s and a constant litho-
sphere thickness of 46 km) along with results for the eight different
realizations of lateral viscosity structure. We compute the modelled
RSL curves at the average locations within each of the 13 sites
as shown in Fig. 1 (black diamonds). The modelled RSL curves
for sites in the northern region (sites 1–7) suggest a rapid RSL
fall upon deglaciation followed by a gradual RSL rise during the
early-to-mid Holocene and then relatively stable values towards the
present time. In the central and southern regions, sites 8–13, re-
sults demonstrate persistent sea level rise throughout the Holocene
reflecting the influence of peripheral bulge collapse as well as the
addition of the meltwater to the oceans. As shown in Fig. 9 and de-
scribed by Yousefi et al. (2018), the RSL curves based on an optimal
1-D viscosity model do not capture well the observed variability in
RSL data across the study region and only provide relatively good
fits at a subset of sites (6, 7, 8 and 11). However, the SLIPs from
sites 6 and 11 are younger than ∼4 ka and so a broader range of
1-D viscosity models can adequately fit the data from these sites
(Yousefi et al. 2018).

Adding lateral variations in viscosity structure results in a spread
of the modelled curves (Fig. 9) that generally diminishes with dis-
tance from the northern region. Prior to ∼10 ka, RSL curves in the
northern Salish Sea (site 3) show the greatest spread (more than
40 m) which reflects the results presented in Fig. 8 and Fig. S3. On
the other hand, sites in the southern region (11–13) show the least
spread (around 10 m or so). Over the mid-late Holocene, model
curves for the central region (sites 8–10) demonstrate a relatively
large range in RSL that is similar to that at northern sites (∼10–
15 m). This is due to the S40RTS seismic model which produces
notably higher RSL values in southern Washington and northern

Oregon. One potential reason for these anomalously high RSL val-
ues is the existence of lower viscosity values in the mantle for this
model compared to the three others considered (Fig. 3). However, a
comparison of regional sub-lithosphere viscosity structure between
all four seismic models (Fig. S4) indicates significant variability
among different models which makes the interpretations of the RSL
differences non-trivial.

A visual assessment on the data-model misfits in Fig. 9 reveals
that the addition of lateral structure can improve the fit at a small
number of sites, for example see the SMUCB model curve in north-
ern Oregon (site 9) and central California (site 12). However, results
at most sites seem to be relatively similar to that of the 1-D case,
or, in some locations such as sites 3 and 8, the 1-D model provides
the best fit to the data. All of the models struggle to capture the
rapid RSL fall immediately after deglaciation, especially at sites
2, 3 and 5. One part explanation for this is the presence of higher
viscosity values beneath this area (Fig S4) which is, in general, at
least one order of magnitude greater than the proposed range in
previous studies, that is UMV: 5 ×1018– 5 ×1019 Pa s, LMV: 1–3
×1021 Pa s (James et al. 2000, 2009a,b; Yousefi et al. 2018). The
other potential reason for this observed discrepancy is inaccuracy
in the adopted ice model, which will be discussed in Section 4.

In order to examine whether there is a statistical preference be-
tween the eight different 3-D viscosity models considered, we calcu-
late the data-model misfits using the following criterion (Mitrovica
et al. 2000):

δ = 1

N

√√√√ N∑
i = 1

(
RSLobs

i − RSLmodel
i

σrsl,i

)2

+
(

tobs
i − tmodel

i

σt,i

)2

, (4)

where RSLobs
i and RSLmodel

i are the observed and predicted RSL
values for the ith SLIP with observational uncertainty of σrsl,i ; tobs

i
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Figure 7. Modelled RSL changes compared to results for the reference 1-D viscosity model at 10 ka (Fig. 6a) when adding (top panel) lateral sublithosphere
viscosity structure and (bottom panel) lateral variability in lithosphere thickness. All plots show 3-D model results minus those for the reference 1-D viscosity
model.

and tmodel
i are the observed and predicted age values with observa-

tional uncertainty of σt,i ; and N is the total number of SLIPs. Note
that the model values (tmodel

i , RSLmodel
i ) are chosen such that the

distance from the model curve to a given observation point is min-
imized (Mitrovica et al. 2000; Yousefi et al. 2018). Since data from
the northern region are more challenging to fit, we also provide the

misfit value when considering only the northern sites. A compar-
ison between the misfit values suggests a small preference for the
AB lithosphere model over the WA model (Fig. 10a). This prefer-
ence is more evident when comparing values obtained for northern
data only (Fig. 10b), which is also apparent from the model curves
shown in Fig. 9 (solid lines versus dashed lines). The calculated
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Figure 8. Modelled RSL changes compared to results for the reference 1-D viscosity model at 10 ka (Fig. 6a) when considering the combined effect of the
lateral sublithosphere structure and elastic lithosphere thickness from the AB model. All plots show 3-D model results minus those for the reference 1-D
viscosity model. The black diamonds indicate the average locations of the RSL data for each specific region. The RSL curves shown in Fig. 9 are computed at
these locations.

misfits based on the entire data set do not reveal any clear pref-
erence for one of the seismic models. However, the WA-S40RTS
model results in slightly larger misfit values than the other models
which likely reflects the RSL curves for this model being consider-
ably higher for central sites (8–10, Fig. 9). On the other hand, misfit
values calculated using the observations from the northern region
indicate that the AB-S40RTS model provides the best fit to these
data. Overall, the results indicate that the eight realizations of lateral
structure described above do not significantly improve the model
fits relative to a 1-D model optimized to fit data from the central
region.

3.2 3-D regional earth models

In this section, we consider the results from two different ap-
proaches, as described in Section 2.2.3, that capture the regional
viscosity structure more accurately than the global seismic models.
In Section 3.2.1 we present the results obtained from integrating a
regional seismic tomography model within two of the global models.
In Section 3.2.2, we investigate the sensitivity of the model output
when considering subduction zone geometry and plate boundary
locations to define 3-D viscosity structure.

3.2.1 Seismic inference

Fig. 11 represents the spatial variation in RSL at 10 ka relative to
the 1-D reference model associated with the two models generated
by insertion of a regional seismic model (Hawley & Allen 2019)
into the global S40RTS and SEMUCB seismic models. The lateral

variability in lithosphere thickness is adopted from the AB model
in both cases. The results suggest that the RSL anomalies have a
similar order of amplitude to those obtained from the global mod-
els (compare Fig. 11 with Fig. 8) with maximum RSL differences
compared to the 1-D reference model of ∼30 m in northcentral
Vancouver Island which is mainly governed by lateral variations in
lithosphere structure. The longer wavelength signals of the regional
model also follow a relatively similar pattern to those of the corre-
sponding (background) global models with positive RSL departures
along most parts of the coast south of Puget Sound. In order to high-
light the influence of the higher-resolution viscosity structure from
the regional seismic model, the difference between the RSL model
outputs from the integrated models and the global models (Fig. 8)
is plotted in Fig. 11(right-panel plots). These differences for the
regional model embedded within the S40RTS model are generally
small and in the range of ±2 m along the majority of the coastline but
with larger deviations in Puget Sound. The negative RSL anomalies
in the Puget Sound area and northern California are likely due to the
higher-viscosity structure of the subducting slab. The positive RSL
departures that appear between ∼42◦N and ∼45◦N, which are more
apparent in the SEMUCB case, might reflect the combined effect
of the slab hole and the reduced viscosities of the mantle wedge
(Fig. 4, Figs S2 and S5). Results for the SEMUCB model produce
larger deviations (±4–10 m) in the northern and central region,
particularly in southeastern Georgia Strait in the Salish Sea (site 4)
and Oregon State (sites 8–10). Due to the proximity of the loading
centre in the north to the boundary zone over which the regional
model is patched into the global model, some of the deviations at
site 4 are likely the result of the regional model integration process
described in Section 2.2.3.
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Figure 9. RSL data-model comparison for eight realizations of lateral viscosity structure (based on two models of lithosphere thickness and four global seismic
models) at the 13 sites shown in Fig. 8 (black diamonds). RSL curves for the 1-D reference viscosity model are shown by the black lines. The SLIP boxes
represent 1σ uncertainty in height and age. The meaning of each data symbol and the 3-D viscosity model represented by each curve are indicated in the key.
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Figure 10. Data-model misfit values calculated based on: (a) the entire data set; and (b) data from the northern region only.

Fig. 12 illustrates the model RSL curves for the seismically in-
ferred regional structure embedded within the two global models
at the average locations of our 13 sites. The RSL curves associated
with the S40RTS and SEMUCB seismic models are also shown in
the same plot. The departure of the regional RSL curves from the 1-
D model follow closely the corresponding global model curves with
some notable differences in northern and central sites. The central
sites are particularly affected for the case with SEMUCB as back-
ground due to the amplified influence of the slab hole and relatively
lower viscosities in the mantle wedge as stated above. The calculated
data-model misfit values (Fig. 10) do not indicate preference of the
3-D regional models over the 1-D case or the global models. The
inclusion of the high-resolution regional structure produces larger
misfits than the background global models when considering the
data from the northern region which is consistent with the increased
misfit observed for sites 4, 5 and 7 in Fig. 12.

3.2.2 Slab and mantle wedge model

Fig. 13 shows modelled RSL at 10 ka relative to the 1-D reference
model for four different 3-D cases that consider the: (1) mantle
wedge low-viscosity zone (LVZ) only; (2) slab only; (3) LVZ and

slab and (4) LVZ, slab and plate boundary. We note that consid-
ering the mantle wedge and slab in isolation is not realistic given
that they most likely co-exist and the presence of each will impact
the deformational response of the other (particularly the slab on
the LVZ; e.g. Suito & Freymueller 2009). The results in Fig. 13
show that our estimates of this regional structure cause smaller
RSL variations, with a peak of ∼15 m, in comparison to the 3-D
structure inferred from global and regional seismic models. Ac-
cording to Fig. 13(a), the low-viscosity layer has a small effect
(less than a few meters in amplitude) that could be due to its po-
sition relative to the ice loading. This low sensitivity to the LVZ
is quite surprising, since a numerical experiment of the glacial iso-
static response at the southern Chile subduction zone suggested that
the presence of a low-viscosity wedge enhances the modelled dis-
placement field over a region that extends beyond that immediately
above the LVZ (Klemann et al. 2007). The authors attribute this
wide-ranging effect of the LVZ to the loading induced flux of the
wedge material which is dependent on the slab length and geometry.
However, they also indicate that the influence of the LVZ in ampli-
fying the deformation field depends strongly on the location of the
wedge which, in their case, is located directly beneath the loading
(Klemann et al. 2007).
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Figure 11. Left-hand panel: modelled RSL changes relative to the reference 1-D viscosity model at 10 ka for the viscosity structure inferred from a regional
seismic velocity model (Hawley & Allen 2019) integrated with the (top panel) S40RTS, and (bottom panel) SEMUCB global velocity models. Right-hand
panel: the difference between these integrated models with the results inferred from the associated global models as shown in Fig. 8. The elastic lithosphere
thickness considered in both cases is the AB model. The black diamonds indicate the average locations of the RSL data distribution shown in Fig. 1. The RSL
curves shown in Fig. 12 are computed at these locations.

The slab structure has a greater impact on the RSL variations
(Fig. 13b) reaching a maximum (∼15 m) at the northern tip of
Vancouver Island and Puget Sound; the latter being located just off
the northern edge of the slab. The influence of the slab structure on
RSL can be explained by the damping effect of the higher viscosity
slab on both the isostatic rebound and the peripheral bulge collapse
which cause positive and negative RSL signals, respectively, with

respect to the reference model (Fig. 5a). The combined effect of the
LVZ and the slab (Fig. 13c) is dominated by the slab structure so
that the influence of the LVZ is not visually distinguishable from
the case of including the slab only.

The addition of a plate boundary that acts as a weak zone in
the lithosphere results in a RSL signal with an amplitude of sev-
eral metres that tracks the locations of these weak zones (Fig. 13d).
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Figure 12. RSL data-model comparison for the higher-resolution regional viscosity model embedded within the S40RTS model (solid red line) and the
SEMUCB model (dashed red line). The RSL models corresponding to the S40RTS and SEMUCB global models are shown as the grey solid and dashed lines,
respectively. RSL for the 1-D reference viscosity is shown by the black line. The AB lithosphere thickness model was used for all results plotted in this figure.
The SLIP boxes represent 1σ uncertainty in height and age. The meaning of each data symbol and the 3-D viscosity model represented by each curve are
indicated in the key.
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Figure 13. Modelled RSL changes relative to the 1-D reference model at 10 ka when considering regional tectonic structure of the Cascadia subduction zone
and its vicinity: (a) mantle wedge LVZ only; (b) subducting slab only; (c) LVZ plus slab and (d) LVZ plus slab and plate boundary. The black diamonds indicate
the average locations of the RSL data distribution shown in Fig. 1. The RSL curves shown in Fig. 14 are computed at these locations.

Since no tectonic stresses nor plate motions are considered, the RSL
signal associated with the inclusion of plate boundaries reflects
deformation associated with GIA-related stresses only (ice/ocean
loading and change in the rotational potential). Horizontal stresses
likely dominate the signal associated with these zones (e.g. Laty-
chev et al. 2005b) with areas showing negative RSL values be-
ing characterized by subsidence of these areas relative to the 1-D
reference simulation (the opposite being true for areas showing a
positive RSL signal). A more robust interpretation of these fea-
tures requires consideration of the stress field evolution in these
regions.

We performed an additional simulation by decreasing the slab
viscosity by three orders of magnitude (1023 Pa s). The resulting
perturbations on RSL predictions at 10 ka compared to the results
in Fig. 13(d) is less than ±1 m (Fig. S6). We also performed a
sensitivity analysis to assess the effect of reducing the mantle wedge
viscosity from 1018 to 1015 Pa s and no significant difference was
observed.

In Fig. 14 we evaluate the effect of the 3-D structure shown in
Fig. 5 on the temporal variation of RSL at our 13 sites. The results
show that RSL sensitivity to the regional structure varies from site to
site. The largest differences (relative to the 1-D model results) occur
prior to 10 ka and (mostly) in the northern region, particularly in
Queen Charlotte strait and Puget Sound (sites 1 and 7). On the other
hand, southern Washington (site 8), central and southern California
(sites 12 and 13) indicate low sensitivity to this realization of lateral
viscosity structure.

A comparison between the model curves in Fig. 14 reveals
that adding this realization of lateral structure results in no
clear improvement in the data-model misfits, other than in cen-
tral Oregon (site 10). When considering the misfit value cal-
culated using the entire data set (Fig. 10a), the 3-D model
considered in this section gives the best result (lowest misfit)
compared to other 3-D models considered above with a misfit
value that is very similar to that obtained for the 1-D reference
model.

4 G E N E R A L D I S C U S S I O N

In this section, we try to address some of the possible reasons be-
hind the data-model discrepancies which can motivate future work.
According to the calculated misfit values (Fig. 10), the application
of different realizations of 3-D Earth viscosity structure does not
considerably improve the data-model fits compared to the 1-D case.
Only the slab and mantle wedge model generates slightly better fits
to the data set and this largely reflects the relatively minor influence
of this Earth structure on the computed RSL values for this case.
Overall, our results do not indicate a strong statistical preference
for a particular seismic model or preference of the regional model
over the global models. However, of the four global seismic mod-
els considered, SL2013 is preferred when all data are considered
regardless of the adopted lithosphere model. Another noteworthy
result is that the AB lithosphere model produces lower misfits than
the WA model for all (sublithosphere) viscosity models. When con-
sidering only the northern sites, where all models struggle to fit the
deglacial RSL fall, the AB-S40RTS provides the optimum fit. On
the other hand, this model results in the highest misfit values when
all observations are considered. Therefore, the results of our analy-
sis indicate that lateral viscosity structure does not appear to be the
primary source of the data-model fits in the northern region. This
conclusion is the primary motivation for the following discussion.

The uncertainty in the model results reflects our incomplete
knowledge of both the applied Earth model and ice loading his-
tory. Although there is insufficient data to completely resolve this
ambiguity and ensure a unique GIA solution, there are some ap-
proaches that can reduce sensitivity to one of these two model
inputs so that the other can be more robustly determined. Two such
approaches are restricted to the application of RSL observations
in either near-field regions, close to the centre of the ice loading
(Mitrovica & Peltier 1993), or far-field regions, distant from major
glaciation centres (Nakada & Lambeck 1989), and thus not appli-
cable here. However, performing a sensitivity analysis by exploring
a large parameter space enables us to assess the relative importance
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Figure 14. RSL data-model comparison for a 3-D viscosity model (red line) based on the regional tectonic structure of the Cascadia subduction zone and
immediate vicinity, that is LVZ plus the subducting slab and the plate boundary. RSL for the 1-D reference viscosity is shown as a solid black line.

of each component. In the 1-D GIA study of Yousefi et al. (2018),
more than 20 000 model runs were performed to find an optimal
set of parameters that best fits the regional RSL data set. Their
results indicate that the contribution from the ice model becomes

particularly important for those sites located in northern Cascadia,
as they show high sensitivity to differences in the applied ice model
(see their Fig. 5). One example of this sensitivity is the rapid fall of
RSL from the high-stand elevation of >70 m around 14 ka recorded
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at southern Vancouver Island (site 5), which cannot be reproduced
with the model curves shown in Fig. 9.

Yousefi et al. (2018) applied different ice models with deglacia-
tion delayed by 500 and 1000 yr and showed that a model with a
500-yr delay (red curve in Fig. S7) best fits the observations from
northern sites. However, the only model that can capture the old-
est high-stand sea level at site 5 is that produced by delaying the
deglaciation chronology by 1000 yr combined with an upper mantle
viscosity that is two orders of magnitude lower than our reference
model (blue curve in Fig. S7). In order to emphasize the importance
of an accurate ice loading history, a model curve is also plotted
based on this lower viscosity earth model and a 500-yr delay in
deglaciation (green curve in Fig. S7). A comparison between these
model results indicates that delaying the deglaciation by ∼1000
yr is necessary to adequately reproduce the rapid RSL fall at site
5 with an amplitude that matches the observations. This delayed
deglaciation is also compatible with SLIPs at site 3.

The ice model that is used in this study (#6885) is selected from
a larger ensemble of reconstructed deglacial histories of the North
American ice complex (Tarasov et al. 2012), which have been cali-
brated with the radiocarbon data set of Dyke et al. (2003) and Dyke
(2004). The ice margin extent of our model shows good agreement
with these observational constraints which suggest that the south-
eastern tip of Vancouver Island became ice free after 15 ka (Fig.
S8, see also Gowan 2007). However, given that there is limited dat-
ing control on the ice margin chronology during the initial stages
of deglaciation, the isochrons have relatively large temporal uncer-
tainty (∼±1000 yr, Dalton et al. 2020), and so one cannot rule out
the possibility of delaying the retreat of our ice model from the
Victoria region by 500–1000 yr. The source of this uncertainty in
defining the ice chronology can be attributed to: the limited avail-
able radiocarbon ages (Dalton et al. 2020), uncertainties associated
with radiocarbon dating and calibration (Törnqvist et al. 2015), and
relating these calibrated dates to the actual pattern of ice retreat
(Tarasov et al. 2012). This uncertainty and the importance of the
ice history in computing RSL curves in southern British Columbia
emphasizes the need for improved chronological constraints on the
early deglacial history in this region. This can be partly fulfilled
with acquisition and incorporation of additional radiocarbon data
as well as the application of alternative dating methods such as 10Be
(Ullman et al. 2016; Darvill et al. 2018).

A previous GIA study of northern Cascadia by James et al. (2009)
showed that including a low-viscosity asthenosphere layer can repli-
cate the rapid RSL fall in the Victoria region. Based on the results
in this study and those of Yousefi et al. (2018), we conclude that
the ability of the GIA model in James et al. (2009) to fit the obser-
vations is mainly the result of their applied ice sheet reconstruction
rather than the applied earth model. Our conclusion is based on the
fact that James et al. (2009a,b) modified both the amplitude and
the timing of deglaciation to fit the rapid sea level fall in Victoria
region. Their ice model features ∼2150 m of ice in the southeastern
tip of Vancouver Island during its maximum extent at 15.4 ka. Our
ice model, in contrast, reaches a maximum thickness of ∼1000 m at
∼16–17 ka which had reduced to ∼500 m by 15.4 ka. Further work
is required to determine which of these two model reconstructions
is more accurate.

Assuming our applied ice model is fairly accurate in terms of
deglaciation amplitude, the inability of the above 3-D Earth mod-
elling to generate the observed RSL fall in the Victoria region sug-
gests that the mantle viscosity inferred using the global and regional
seismic models is not low enough in this region (Figs S4 and S5).
A key source of uncertainty in estimating lateral viscosity structure

is related to the scaling between seismic velocity and viscosity (e.g.
Forte & Mitrovica 2001; Wu et al. 2013). As an example, Clark et al.
(2019) performed a sensitivity analysis that focused on this scaling
by exploring ε values (see eq. 3 in Section 2.2.2) in the range 0.005–
0.04 which can cause the range in viscosity perturbations to vary by
∼3.5 orders of magnitude. Although they applied only one global
seismic model (S40RTS), their results indicate significant influence
of uncertainty associated with this parameter on the predicted RSL
curves. Better quantifying this scaling uncertainty and considering
additional data sets and methods to reduce it is an important target
for future work. A recent study by Li et al. (2020) aimed to quan-
tify the Earth-model-related uncertainty in GIA model results by
applying different realizations of 3-D viscosity structure. We note
that our results show greater sensitivity to different realizations of
lateral structure, particularly within the lithosphere (e.g. compare
our Fig. S9 with fig. S12a in Li et al. 2020). This is likely related to
the spatial resolution of the GIA models and the different methods
used to determine viscosity structure. However, this indicates that a
spatial resolution of ∼10 km (as opposed to ∼50 km in the Li et al.
model) is required to accurately simulate the influence of lateral
structure in our study region.

In our analysis, we assume that the seismic velocity anomalies
and the viscosity variations are driven by temperature only. Sev-
eral studies indicate that there can be significant contributions from
heterogeneity in chemical composition and partial melting (Wang
et al. 2008; Wu et al. 2013; Li et al. 2018). Separating the effect
of each individual factor is not straightforward and requires com-
plementary constraints such as seismic wave attenuation, electrical
conductivity, heat flow, and density (Karato 2008; Dalton et al.
2009) and/or applying a joint inversion of seismic and other geo-
dynamic observables (Afonso et al. 2016, 2019). In this regard,
interpretation of the seismic velocity and attenuation models to-
gether may help to better explain the role of each contributor to the
variations in seismic velocity and subduction zone structure. For
instance, a slower seismic velocity joint with high attenuation can
be attributed to elevated temperatures and the presence of melt or
increased water content (Dalton et al. 2009). The estimated S-wave
attenuation in coastal areas of western North America suggests that
there are considerable variations in seismic attenuation along the
coastline indicating higher values in southern Oregon and north–
northwestern Washington (e.g. Eilon & Abers 2017). Along with
these high attenuation values, several tomographic studies feature
low seismic velocity anomalies beneath these areas (Hawley et al.
2016; Bodmer et al. 2018; Hawley & Allen 2019). Bodmer et al.
(2018) argue that the dominant controlling mechanism of the sub-
slab mantle structure in northern Cascadia is the nearby oceanic
hot spot, however, the observed low velocity in this region can-
not be entirely due to temperature variations. They propose that
decompression melting is also at play in this region and, more im-
portantly, in southern Cascadia as a result of rapid motion of the
Pacific Plate relative to the Gorda deformation zone which pro-
motes mantle upwelling. These results provide an explanation as to
why our estimates for viscosity in this region appear to be biased
high.

Part of the uncertainty in developing the lateral viscosity structure
is associated with the applied seismic velocity model. Although the
regional tomographic model used here is generally compatible with
the other models, there are some inconsistencies. One example is
the margin-wide, subslab low velocity zone featured in the model of
Hawley & Allen (2019); there is a debate regarding the spatial con-
tinuity of this low velocity anomaly with some results suggesting it
is not continuous but localized to northern (>46◦N) and southern
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(<43◦N) Cascadia (Bodmer et al. 2018). A similar along-strike het-
erogeneity has been proposed for the shallower (<80 km) structure
of the forearc mantle (Delph et al. 2018). Regarding the relatively
young age of the subducting plates (∼ 4–9 Myr), it is still an open
discussion as to whether the apparent trench-parallel variations in
seismic velocity originate from thermal structure and the subsequent
changes in slab hydration state or variations in the permeability of
the down-going slab (Delph et al. 2018).

In simulating Earth deformation, we consider a Maxwell steady-
state rheology where the relation between stress and strain rate is lin-
ear. There is the possibility that the behaviour of the mantle follows
a power-law deformation where lower effective viscosity values are
induced by the high stress levels upon the onset of the deglaciation
and the viscosity increases with stress reduction (e.g. Wu & Wang
2008; James et al. 2009a,b). In contrast to these assumptions of a
purely linear or purely non-linear rheology for mantle material, an
alternative hypothesis suggests that both linear diffusion creep and
non-linear dislocation creep operate simultaneously in the mantle,
the so called ‘composite rheology’. Some recent applications of
earth models with composite rheology show promising results and
improvement in fitting observational constraints (van der Wal et al.
2013, 2015; Huang et al. 2019). Another possible departure from a
Maxwell rheology is the existence of a transient response as evident
in the more general Burgers rheology, where the apparent viscosity
is less than that of the steady state deformation during periods of
rapid changes in driving stress (Ranalli 1998). The more rapid de-
formational response that is characteristic of these more complex
models might be necessary to accurately capture the large and rapid
signal evidence in the northern RSL observations.

An additional limitation of our assumed rheological model is that
brittle failure is not simulated. Studies have shown that faults can
be reactivated during periods of rapid ice thinning resulting in large
surface displacements (e.g. Arvidsson 1996; Steffen et al. 2020).
The Victoria region is located near the Leech River-Devil’s moun-
tain fault system that appears to have ruptured during the Holocene
(Morell et al. 2017, 2018; Barrie & Greene 2018). Further investi-
gations are warranted to support or refute the possible influence of
fault rupture on RSL changes during and following the Late Glacial
period.

5 C O N C LU S I O N S

In this study, we examined the influence of lateral Earth structure
on GIA model results along the west coast of North America. We
developed eight different realizations of laterally variable viscous
Earth structure based on four global seismic velocity models and
two global lithosphere thickness models. The results from these 3-D
models were compared to those derived from a reference 1-D model
with UMV = 2 ×1020 Pa s, LMV = 1022 Pa s, and a lithosphere
thickness of 46 km.

The effect of lateral variations in sublithosphere mantle viscosity
on RSL output varies from one seismic model to another but gener-
ally lies within ±10 m relative to the 1-D background model results.
The variability in lithosphere structure causes localized higher am-
plitude changes with a spatial pattern that is similar for the two
lithosphere models considered here. The combined effect of the
sublithosphere viscosity variations and laterally variable lithosphere
structure causes less than ±20 m RSL changes along the coastline
from northern Washington coast to southern California at 10 ka.
These departures from the reference 1-D model results are largest
in the northern region, particularly in the northern Salish Sea, where

the influence of lateral structure reaches ∼30 m at this time. RSL
data-model comparison does not reveal a clear preference of any
particular seismic model or significant improvement in model mis-
fits compared to the 1-D reference viscosity model. However, our
results do suggest a weak but consistent preference for the AB
lithosphere model.

Given the lack of spatial resolution in the global seismic mod-
els, we also considered two different approaches to better resolve
regional lateral structure associated with the Cascadia subduction
zone: one based on a regional seismic model and the other using
constraints on slab geometry. Regardless of the approach taken,
the results indicate that the influence of the subducting slab has
the greatest impact on RSL simulation with a peak amplitude of
∼15 m in the northern tip of Vancouver Island and Puget Sound. In
contrast, the results show little sensitivity to the existence of a pos-
tulated low-viscosity mantle wedge, with an RSL signal less than a
few meters. We postulate that this low sensitivity is due to either its
position with respect to the ice loading and/or its relatively small
volume.

The different realizations of 3-D viscosity structure considered
in this study do not significantly improve the data-model misfits
compared to results using a 1-D viscosity model, particularly at
sites located in northern Cascadia, where all of the models strug-
gle to capture the amplitude of rapid RSL fall during deglaciation.
The different 3-D earth models applied in this study give insight
into the influence of lateral viscosity structure, which is a necessary
step towards estimating GIA model uncertainty. Overall, our results
indicate that future studies should focus on developing a more ac-
curate ice model before further attempts are made to improve the
Earth component of the GIA model via better constraints on 3-D
Earth structure and/or applying more complex rheological models.
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