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Figure 15. Predicted (a) geoid and (b) velocity from a model with LVVs along with GPE variations and with the addition of anisotropic viscosity along the
SAF.

any arbitrary anisotropic tensor. However, since there is no tight
constraint on the nature of anisotropic viscosity in faults, we imple-
ment a transversely isotropic (hexagonal) representation (e.g. Han
& Wahr 1997) and further simplify it to a weak and strong direction.
We introduce a parameter 	, which denotes the relative variation
of shear and normal viscosity. For simplicity, we set 	 to 0 (see
Becker & Kawakatsu 2011). Since these models are instantaneous,
they do not address the issue of how mechanical anisotropy might
have arisen. We test different degrees of anisotropy of the shear
plane of the San Andreas, where shear in the plane of the fault is
1, 2 or 3 orders of magnitude weaker than the normal plane. We
adjust the isotropic viscosity of the fault according to the degree
of anisotropy, where isotropic viscosity is inversely proportional to
the square root of anisotropic viscosity, so that the net viscosity of
the shear zone remains the same as the other weak zones in our
model. Here, we present the results for an extreme case, where the
fault is 1000 times weaker in the direction of shear. In order to ac-
commodate this weakness, the isotropic viscosity in that particular
shear zone is only 0.3 times smaller than the lithosphere, whereas
the weak zones everywhere else on the planet is 100 times weaker
than the lithosphere. We present a case where anisotropic SAF is
taken into account in our best-fitting circulation model with LVVs
and with the inclusion of GPE variations. As a consequence, the
geoid over North America shows a broader trough over the Hud-
son Bay (Fig. 15a) as compared to the corresponding isotropic case
(Fig. 13a). The rms velocity increases slightly to 3.7. The velocity
field over the continent is smoother and the continent moves E–
W as is observed (Fig. 15b) and the rotation of vectors no longer
persists. The stress field in the western United States shows greater
misfit in Colorado Plateau, Columbia Plateau as well as in the Sierra
Nevadas (Fig. 11d). The effects of weaker anisotropic viscosity is
similar but smaller as compared to the above results.

6 D I S C U S S I O N A N D C O N C LU S I O N S

We have modelled the plate dynamic forces globally with a focus on
the western United States. This modelling includes a broad range
of geodynamic processes; most notably a thorough consideration
of LVVs and their geodynamic effects are measured against all the
major observable fields (plate motion, geoid, lithospheric stress and
dynamic topography). In a global sense, models that fit well all
the observable fields are similar to some other global models (e.g.
Steinberger et al. 2001; Ghosh & Holt 2012; Ghosh et al. 2013). The
inclusion of cratonic roots and low-strength plate boundaries im-

proves the fit to mostly geoid and plate motions. In North America,
GPE is a dominant force acting in parts of western North America,
especially in the Yellowstone area, the Rocky mountains and parts
of Great Plains. We find that GPE is dominant in the eastern part
of western United States, closer to the keel, with mantle tractions
playing little or no role there. Farther to the west and north, both
GPE variations and tractions play an important role and in southern
Sierra Nevada, mantle tractions alone dominate. A universal re-
duction of the mantle contribution in western United States will not
solve this problem. Shallow and deeper forces seem to act unequally
over western North America with one dominating over another in
different regions. One reason could be the fact that the slow and fast
velocities that are imaged below western United States are not solely
due to temperature variations. Many of those anomalies could be
compositional or have a melt and/or water component (Schmandt
& Humphreys 2010), factors which we did not explore in our study
besides correcting for cratonic keels. Our model does not fit the
observed stresses in parts of Rocky Mountains and Great Plains. A
potential source of some of that misfit could be the isotropic nature
of the stress field (both tensional and compressional axes are of
equal magnitude) in some of those areas (Fig. 10c), which would be
sensitive to minor perturbations. In parts of California, where strong
and distinct strike-slip WSM observations exist, it may be difficult
to account for stress details due to reasons such as a weak creeping
San Andreas or other lithological strength contrasts. The small scale
of these processes are beyond our modelling capabilities. The most
compressive principal stress axes predicted globally from our best
model are in accordance with the global SHmax directions from the
WSM (Fig. 16) as well as with those from Ghosh & Holt (2012)
and Steinberger et al. (2001). The average global angular misfit
between SHmax directions of our best model and WSM is ∼32◦,
which is lower than the global azimuthal misfit that Steinberger
et al. (2001) obtained with their free slip models and slightly higher
than their no-slip models. The regime misfit of our best model is
0.68.

Other important findings are that inclusion of upper-mantle slabs
in our convection models improves the plate motion of North Amer-
ica, potentially due to the slab beneath the Aleutian arc, and that
LVVs do play a major role in affecting the dynamic observations
over North America. We also examine the effect of an anisotropic
San Andreas fault, finding that our modelling is not sensitive to
this, presumably because these isotropic weak zones behave me-
chanically similar to anisotropic weak zones in shear. We addition-
ally find that a slightly stronger SAF system best fits the dynamic
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Figure 16. (top) SHmax directions from the World Stress Map averaged within 1◦ × 1◦ areas (e.g. Ghosh & Holt 2012). Red indicates normal faulting, blue
indicates thrust faulting and green denotes a strike-slip fault environment. (bottom) Most compressive principal deviatoric stress axes from our best-fitting
dynamic model.

Table 1. Quantitative comparison between different models. The correlations coefficients (r) are with respect to the
observed geoid, dynamic topography and plate motions.

Models Geoid (r) Dynamic topo (r) Plate Motions Stress

Global Regional Global Regional r RMS (cm yr−1) Misfit

Mantle tractions only 0.81 0.80 0.80 0.81 0.93 2.97 0.69
GPE variations only 0.43 0.15 — — 0.61 0.74 0.83
Combined 0.82 0.77 0.81 0.80 0.91 3.49 0.62
Combined + anisotropic SAF 0.81 0.74 0.81 0.80 0.91 3.73 0.73
Combined + strong SAF 0.81 0.75 0.81 0.80 0.91 3.42 0.61

observations over the continent. In particular, we find that a com-
bined model with mantle tractions, GPE variations and a stronger
SAF provides a better fit to the North American plate motion and
the WSM SHmax axes in western United States (Table 1).

Our models show that eastern North America is dominated by
convergent flow, most likely due to the Farallon slab, whereas diver-
gent flow is seen in the western part (Fig. 17). The average traction

magnitude beneath the craton is ∼1.2 MPa, consistent with Ghosh
et al. (2013), whereas it is half that value in the rest of the continent.
This indicates that the coupling beneath the craton is twice that of
the rest of North America. The basal tractions tend to compress
North America and hold it together; GPE in the western United
States overcomes this compressive force. The total basal load is
about 50 × 1018 N, which compares to about 80 × 1018 N for
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Figure 17. Horizontal tractions (side scale bar) plotted on top of radial tractions (bottom scale bar), predicted from mantle circulation at a depth of ∼120 km
below North America.

Figure 18. Comparison of the predicted deviatoric stresses between mantle only, GPE only and the combined cases. The top panel shows the correlation
coefficients (r) of the deviatoric stress tensors between (a) mantle only and combined cases, (c) GPE only and combined cases. A correlation of 1 will imply
that there is an exact match in direction and style. The bottom panel shows the ratio of the second invariant of deviatoric stresses (T1/T2) between (b) mantle
only and combined models, (d) GPE only and combined models. The ratio gives a measure of what fraction of the total stress field is originating from the
mantle sources and what part from the GPE related sources.

boundary loads. A comparison of the predicted deviatoric stresses
between the combined model and the model with mantle tractions
only (no GPE) (Figs 18a and b) and GPE variations only (Figs 18c
and d), provides a quantitative assessment of the importance of
basal tractions versus GPE variations. We compute correlation co-

efficients (r), given as r = τ ·τ ′/T ∗ T ′ (Flesch et al. 2001; Ghosh
et al. 2008, 2009), where τ denotes the deviatoric stress compo-
nents for the combined model and τ ′ denotes the deviatoric stress
components for the traction only or GPE only model; T, T′ are the
second invariants of deviatoric stresses for the combined model and
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mantle traction/GPE model and ∗ indicates simple multiplication.
τ ·τ ′ is given as

τ · τ ′ = τφφτ ′
φφ + 2τφθ τ

′
φθ + τθθ τ

′
θθ + 2τrφτ ′

rφ + 2τrθ τ
′
rθ + τrrτ

′
rr .

(1)

T =
√

T 2
φφ + T 2

θθ + T 2
rr + 2(T 2

φθ + T 2
rφ + T 2

rθ ) (2)

The correlation coefficient measures how similar the two stress
fields are in terms of style and orientation. The correlation between
the stresses from mantle tractions only and the combined model is
generally higher than those between GPE only and the combined
models (Figs 18a and c). A ratio of the second invariant of the
deviatoric stresses (T/T′) between the combined model and man-
tle tractions only/GPE only model (Figs 18b and d) indicates the
fraction of the total stress magnitudes that the two components in-
dividually constitute. For example, in Colorado Plateau, Basin and
Range, Snake River Plain, the mantle traction related stresses con-
stitute between 40–60 per cent of the total stress field, whereas GPE
related stresses slightly dominate in those areas (40–80 per cent).
Our results support one of the conclusions of Jones et al. (1996)
and Humphreys & Coblentz (2007) that the tensional nature of the
stresses in western United States is largely due to GPE variations.

Our current modelling attempt was to resolve the relative im-
portance of the sources of deformation for western United States.
Our methodology is novel in the sense that we incorporate litho-
spheric gravitational response (GPE variations) in 3-D, global self-
consistent mantle convection models, in addition to including ef-
fects such as anisotropic viscosity. We include LVVs in our models,
which had been deemed as potentially important in earlier studies,
and also isolate the effects that these individual sources of LVVs
have on the dynamics of the region. We use all the four observa-
tional constraints of geoid, dynamic topography, plate motions and
deviatoric stress field and compare them quantitatively with our
model predictions. We have also used the latest high-resolution to-
mography models available for that region. Western North America
is a complex region where the sources of deformation have been
debated for decades. Our models, although do not put an end to
that controversy, are well equipped to address the various problems
associated with this complicated region.
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A P P E N D I X A : B E N C H M A R K I N G
O F G P E R E L AT E D S T R E S S E S

We carry out two separate benchmarking tests. In the first one, we
apply shear tractions that are derived from GPE gradients (see Sec-
tion 3), as surface boundary condition halfway through the litho-
sphere, that is up to a depth of 50 km, in a circulation model in
CitcomS with a simple radial viscosity distribution. No density
anomalies are included within the mantle, that is, the flow in the
mantle is driven solely by these surface shear tractions. The de-
viatoric stresses predicted by such a model within the lithosphere
are compared to the vertically integrated deviatoric stresses ob-
tained from GPE variations in a thin sheet lithosphere model, cal-
culated by solving a system of force balance equations as in Ghosh
et al. (2009). The deviatoric stresses from the lithosphere model
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Figure A1. (a) Deviatoric stresses predicted from GPE differences via a thin sheet computation plotted every 5◦. Red denotes deviatoric tension, black denotes
deviatoric compression. (b) Deviatoric stresses predicted at 72 km depth via a CitcomS model where flow is set up by shear tractions, which are negative of
GPE gradients at the surface. (c) Most compressive principal axes of deviatoric stress tensors from Fig. A1(a) plotted on top of the most compressive principal
axes from Fig. A1(b). The different colours indicate the strain environment predicted by the deviatoric stresses. Red indicates maximum horizontal extension
in a normal fault regime, blue indicates maximum horizontal compression in a thrust fault regime and green denotes maximum horizontal compressive stress
direction in a strike-slip regime.
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Figure A2. Same as Fig. A1, only the deviatoric stresses are from combined GPE and mantle flow.

calculations (Fig. A1a) and CitcomS calculations (Fig. A1b) are al-
most identical. We also show the most compressive principal stress
axes from the two separate calculations (Fig. A1c) and they display
a remarkable similarity both in terms of stress orientation and style.
It should be noted that the deviatoric stresses predicted from the

convection model are full 3-D stresses, whereas the stresses from
the thin sheet lithosphere model are not. Moreover, the stresses from
the lithosphere model are vertically integrated over the entire litho-
sphere in contrast to the stresses from flow model that are predicted
at particular depths. Since the CitcomS stress predictions are 3-D,
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they have three principal stress axes. Of those three axes we are
plotting, the two axes that are most parallel to the horizontal.

While the above test dealt with testing the stresses from sur-
face boundary condition alone, in the other test we benchmark the
combined stresses from surface shear tractions and internal den-
sity anomalies within the mantle. This is a four-step process. In
the first step, we compute shear tractions acting at the base of the
lithosphere (∼100 km depth) from a mantle circulation model in
CitcomS driven by SMEAN tomography with only radial viscosity
variations and free slip boundary condition. In the next step, these
tractions are applied at the base of the lithosphere in the thin sheet
model as boundary condition (Ghosh et al. 2008, 2013). The resul-
tant deviatoric stresses are the effect of density driven mantle flow
only. Thirdly, these stresses are then added to the deviatoric stresses
calculated from GPE variations acting on the same thin sheet litho-
sphere model. The linearity of the force balance equations enables
us to simply add these two components in order to obtain a total
stress tensor field for the entire lithosphere that is a result of both
topography and shallow lithosphere density variations (GPE dif-
ferences) and deeper mantle flow. In the fourth and final step, we
use the same CitcomS model, from which the basal tractions were

generated (that is with the same density and viscosity structure in
step 1) and instead replace the free slip boundary condition at the
surface with stress boundary condition. The stress boundary condi-
tion is set up as before by shear tractions, which are the negative of
GPE gradients. Hence, this time the flow in the CitcomS model is
driven by both mantle density anomalies and GPE variations (as in
Section 4.2). The resultant deviatoric stress field is compared to the
total deviatoric stress field from the lithosphere model obtained in
step 3. The resultant stresses are very similar in orientation and style
(Fig. A2c), although in some areas there exist differences in stress
magnitudes (Figs A2a,b), which could potentially be attributed to
the fact that we are comparing vertically integrated stresses with
those at a particular depth.

The above benchmarking tests show that we can recover the same
stress tensors if we apply them as stress boundary condition as op-
posed to treating the GPE related stresses in a separate model. A
big advantage of this approach is that we can avoid using a separate
lithosphere model and can integrate the topography and shallow
lithosphere response directly in the convection model. This is espe-
cially important for very high resolution studies, particularly in sub-
duction zones, where the thin sheet assumption may no longer hold.
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