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Abstract The Yakutat-St. Elias collision in SE Alaska and adjacent Canada represents a prime example of
present-day tectonics associated with an indentor corner. Its eastern syntaxis is marked by high exhumation,
a sharp structural bend, and strain concentration at the transition from shortening to oblique transpression.
Here we present GPS velocity and strain rate fields that cover the syntaxis, including 11 new stations in the core
of the St. Elias Mountains. These data are corrected for transient deformation (glacial isostatic adjustment and
postseismic and interseismic loading) to produce residual velocities and strain rates representative of long-term
tectonics. The main features of these velocity and strain rate fields are a peak in strain rates (strain knot) in
the syntaxis at the junction between the main fault systems and a rapid rotation from convergence-parallel
to convergence-normal orientations of the velocities and shortening axes around the syntaxis, leading to
shortening across the southern Denali Fault. These features are consistent with the strain and tectonic patterns
expected near an indentor corner at the transition from shortening to transpression, with a combination
of diffuse and localized deformation. The GPS velocities and strain rates show diffuse deformation around
the syntaxis, from pure convergence-parallel shortening in the orogenic wedge to oblique extension that
accommodates the strain rotation at the front of the syntaxis. This indentor-corner model also results in a
near-zero strike-slip rate on the southern Denali Fault and shows no clear evidence for a throughgoing fault
hypothesized to link the Fairweather and Totschunda Faults.

1. Introduction

Orogen syntaxes are the loci of complex, laterally varying tectonics, where the relative plate motion is
partitioned onto a variety of faults associated with significant structure rotations, high strain concentration,
and rapid uplift [Holt et al., 1991; Shen et al., 2005; Rosenberg et al., 2007; Spotila and Berger, 2010]. The
characteristics and evolution of these syntaxes strongly depend on the tectonic boundary conditions,
upper plate rheological and structural complexities, and climate-tectonics interactions [Zeitler et al., 2001;
Koons et al., 2010]. The eastern syntaxis of the St. Elias orogen, associated with the Yakutat collision in SE
Alaska and SW Yukon (Figure 1), is a prime example of such a system, with some of the highest peaks,
steepest relief, and most abundant crustal seismicity in North America. New studies conducted over the
last decade, in part within the St. Elias Erosion and Tectonics Project [Pavlis et al., 2014], highlight the
impact of the Yakutat oblique collision on local and far-field tectonics as well as associated debates on
activity of new versus inherited structures [Chapman et al., 2012; Doser, 2014] or strain transfer to the
cordillera interior [Mazzotti et al., 2008; Finzel et al., 2014].

Addressing the complex issue of strain localization and partitioning requires a robust description of the
present-day kinematics in the orogen. In this study, we present new GPS velocity and strain rate fields
from a network of campaign and continuous GPS stations that cover the eastern syntaxis of the Yakutat
collision in the Chugach and St. Elias Mountains (Figure 2). Data from 12 new campaign stations located in
the core of the St. Elias Mountains complement existing campaign and continuous stations to the west
and southeast [Leonard et al., 2007; Elliott et al., 2010, 2013]. This new data set highlights the surface
kinematics at the transition between shortening to the west and dextral transpression to the southeast. In
particular, one of the main results of our strain rate analysis is the partitioning of deformation around the
syntaxis, i.e., localized in a strain knot and on strike-slip faults, and diffuse deformation through the orogen
from shortening to oblique extension due to lateral escape.

MARECHAL ET AL. YAKUTAT-ST. ELIAS INDENTOR TECTONICS 3897

PUBLICATIONS
Journal of Geophysical Research: Solid Earth

RESEARCH ARTICLE
10.1002/2014JB011842

Key Points:
• New data define active tectonics in
Yakutat-St. Elias collision zone

• GPS constraints on collision syntax
tectonics and strain distribution

• GPS constraints on continental litho-
sphere response to active collision

Supporting Information:
• Texts S1–S3, Table S1, and Figures S1–S4
• Data Set S1

Correspondence to:
A. Marechal,
anais.marechal@gm.univ-montp2.fr

Citation:
Marechal, A., S. Mazzotti, J. L. Elliott,
J. T. Freymueller, and M. Schmidt (2015),
Indentor-corner tectonics in the
Yakutat-St. Elias collision constrained by
GPS, J. Geophys. Res. Solid Earth, 120,
3897–3908, doi:10.1002/2014JB011842.

Received 18 DEC 2014
Accepted 27 APR 2015
Accepted article online 30 APR 2015
Published online 22 MAY 2015

©2015. American Geophysical Union. All
Rights Reserved.

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9356
http://dx.doi.org/10.1002/2014JB011842
http://dx.doi.org/10.1002/2014JB011842


Figure 1. Topography and tectonics of the Yakutat-St. Elias collision. Red lines are inherited faults and fault systems.
Dashed red line shows the hypothetical location of the Connector Fault from Spotila and Berger [2010]. The black arrow
shows the Yakutat/North America (YK/NA) motion (50.3mm/a [Elliott et al., 2010]).

Figure 2. Raw and corrected GPS velocities. Black vectors show horizontal GPS velocities relative to stable North America (in the International Terrestrial Reference
Frame of year 2008 (ITRF2008)), with ellipses indicating 95% confidence regions. (a) Original velocities. (b) Velocities corrected for GIA and Denali postseismic
transients. (c) Velocities corrected for GIA, Denali postseismic, and main faults interseismic transients.
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The geological setting of the Yakutat-
St. Elias collision zone corresponds to
the transition between the Aleutian
subduction to the west and the
Queen Charlotte-Fairweather trans-
form fault to the south (Figure 1). The
St. Elias orogen marks the oblique colli-
sion and partial accretion of the
Yakutat microplate to the North
America northern cordillera since the
middle to late Miocene [Plafker et al.,
1994; Bruhn et al., 2004]. In the frontal
part of the orogen, the sedimentary
cover of the Yakutat terrane is accreted
to the cordilleran margin along an oro-
genic wedge [Berger et al., 2008; Bruhn
et al., 2012; Chapman et al., 2012]. This
crustal accretionary prism comprises
numerous faults and structures whose
activity remain debated and that are
not directly addressed in our study;
hereafter we refer to the “Chugach-St.
Elias prism” to describe the overall
wedge without distinctions between
specific structures (Figure 1). These
faults join at depth on a low-angle
décollement along which the Yakutat
terrane basement is underthrust
beneath the cordillera [Doser, 2012;
Worthington et al., 2012; Elliott et al.,
2013]. The eastern region of the oro-
gen is characterized by the presence
of several major strike-slip faults

(Figure 1)—the Fairweather, Denali, and Totschunda Faults—which accommodate the highly oblique
Yakutat-North America motion by a combination of dextral shear and shortening [Lahr and Plafker, 1980;
Plafker et al., 1994; Bruhn et al., 2004; Elliott et al., 2010]. The eastern St. Elias syntaxis area is clearly highlighted
by (Figure 1) the highest topography (Mount Logan massif ), the highest exhumation rates (~5mm/a [Spotila
and Berger, 2010]), and the transition from strike-slip to oblique fold and thrust faults.

2. GPS Data
2.1. GPS Network and Data Processing

Data from 12 new campaign GPS stations located on the Yukon side of the St. Elias Mountains are integrated
with those from 23 continuous stations and 45 campaign stations distributed in eastern and southeastern
Alaska, Yukon, northern British Columbia, and the Northwest Territories (Figures 2 and 3 and Table S1 in the
supporting information). The data from continuous sites range from 1995 (for the oldest stations) to 2013,
with an average of 8.1 years of observations per station. Campaign site surveys vary with the different
networks. The oldest stations were installed in 1997, and the last survey was in 2013 (average of 6.6 years per
site). In Yukon, the new GPS sites were surveyed annually between 2009 and 2013 at the same period
(summer) using similar equipment (calibrated force-centered masts) for a minimum of 48 h, in order to
account for diurnal atmospheric effects and ensure robust estimates of both horizontal and vertical velocities.

GPS daily positions are calculated with the PPP (Precise Point Positioning) software provided by Natural
Resources Canada [Héroux and Kouba, 2001]. We use precise ephemeris, clocks, Earth orientation

Figure 3. St. Elias residual GPS velocity field. Black vectors show horizontal
GPS velocities relative to stable North America (in ITRF2008), with ellipses
indicating 95% confidence regions, corrected for GIA, postseismic, and
interseismic transient motion (cf. text). The grey vector shows the Yakutat/
North America (YK/NA) motion (50.3mm/a [Elliott et al., 2010]; NB: different
scale). Black lines are locations of southern and northern velocity profiles
(Figures 4 and 6). Red lines are fault systems referred to in the text—DF:
Denali Fault, TF: Totschunda Fault, FF: Fairweather Fault, DRF: Duke River
Fault, MF: Malaspina Fault, CF/BF: Contact and Bagley Faults, CSEF:
Chugach-St. Elias Fault, and YB: Yakutat Bay. Dashed red line shows the
hypothetical location of the Connector Fault from Spotila and Berger [2010].
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parameters, and absolute antenna phase center tables provided by the IGS (International Global Navigation
Satellite Systems Service) [Dow et al., 2009]. Corrections are applied for tropospheric delays, based on VMF1
(Vienna Mapping Functions) [Boehm et al., 2006], and for ocean tide loading using the FES2004 (Finite
Element Solution) model [Lyard et al., 2006]. Owing to the use of IGS precise products, daily positions are
defined in the satellite reference frame, i.e., IGS05, IGS08, and IGb08 depending on the acquisition date.

Velocities for continuous and campaign stations are estimated by a least squares inversion weighted by the
position uncertainties. For continuous data, the inverted model comprises a linear term (velocity), annual and
semiannual sinusoids (seasonal effects), and offsets at times of antenna changes or earthquakes. For
campaign data, the model comprises only a linear term. The velocities derived from this PPP processing
strategy are in good agreement with the ITRF2008 reference frame, with a mean difference of 0.3mm/a
compared to the nominal ITRF2008 velocities [Altamimi et al., 2011] at the two common sites (WHIT and
INVK). The PPP solution is also validated by a comparison with a double-difference solution (Bernese 4.2)
at a subset of 10 campaign stations, which indicates a mean difference of 0.5mm/a. These differences
between solutions are similar to the velocity standard deviation (cf. below) and are not significant. The
velocities are shown in Figure 2a and given in Table S1 in the supporting information, relative to stable
North America after correction for the rigid plate motion using the North America/ITRF2008 rotation
vector [Altamimi et al., 2012].

2.2. GPS Velocity Uncertainties

Velocity uncertainties for continuous stations are estimated using the colored noise formulations ofWilliams
[2003]. For each site, we estimate the spectral index and frequency spectrum amplitude to calculate a formal
velocity standard error. For campaign stations, we assume a colored noise model similar to that of continuous
stations and calculate the velocity uncertainties using a combination of white and flicker noise using the
formulation of Mao et al. [1999]. The white and flicker component amplitudes are estimated at each
campaign station using the data dispersion (root-mean-square of daily scatter) multiplied by a scaling
factor calibrated at nearby continuous sites. Average velocity uncertainties are 0.3mm/a and 0.5mm/a on
the horizontal and vertical components, respectively, for the continuous stations and 1.7mm/a and
2.9mm/a for the campaign stations (Figure 2a and Table S1 in the supporting information).

3. Transient Corrections and Fault Velocities

In our study area, GPS velocities are affected by three sources of transient motions: postseismic relaxation
associated with the Mw= 7.9 2002 Denali earthquake [Johnson et al., 2009]; Glacial Isostatic Adjustment
(GIA), primarily in response to rapid post Little Ice Age ice retreat since the 1800s [Larsen et al., 2005]; and
interseismic loading on main faults.

3.1. Postseismic Correction

Numerical models of postseismic deformation do not provide robust estimates for the time period and
region of interest: These models are calibrated by displacement data from the early postseismic phase
(2002–2005 for Freed et al. [2006] and 2002–2007 for Johnson et al. [2009]) and present an important misfit
in the Wrangell-St. Elias area [Johnson et al., 2009]. Thus, we correct the GPS velocities using an empirical
approach to determine the potential impact of Denali postseismic deformation. We estimate velocity
variations using a 3 year sliding window on continuous time series, starting after the Denali earthquake
until 2013 (cf. supporting information Text S1 and Figure S1), which allow us to define two groups of
stations associated with the following corrections:

1. Stations close to the rupture (<150 km): The position and velocity time series suggest a rapid decay of
postseismic effect with a characteristic time of about 4–5 years. Thus, we correct for the postseismic tran-
sient by using only post-2007 data (cf. supporting information). For sites located within ~50–75 km of the
Denali Fault, significant postseismic deformation remains and steady velocities cannot yet be interpreted.
For other sites, a possible postseismic effect of up to 1–2mm/a may remain.

2. Stations in the St. Elias Mountains and further afield (>150 km): No significant postseismic effect is visible
in the 3 year velocity time series (within standard deviations of ~1mm/a, cf. supporting information), and
no postseismic correction is applied, in agreement with previous estimates for this region [Leonard et al.,
2007; Elliott et al., 2010].
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3.2. Glacial Isostatic Adjustment

Hu and Freymueller [2012] provide the most recent GIA model for the region, which is an update of previous
studies [Larsen et al., 2005; Elliott et al., 2010]. It is composed of an Earth model with an elastic lithosphere of
55 km thickness, 250 km thick asthenosphere with a viscosity of 3 × 1019 Pa s, and VM5a upper mantle
structure. The ice model comprises 10 or 20 km diameter disks defining the ice load history interpolated
and scaled from the late twentieth century ice thickness change data of Berthier et al. [2010], following the
approach of Larsen et al. [2005]. The Earth model was optimized based on uplift rate observations. Berthier
et al. [2010] constructed a spatially complete data set but noted that data from Alaska and Canada are
difficult to unify due to different dates of the map bases; the international border is visible as an offset in
the ice change rate maps. We compare the vertical velocities from the GPS data and the model prediction
to evaluate the fit of the model to the newly available data from the Yukon Territory. The model
underestimates the GPS vertical velocities by ~3mm/a in the St. Elias Mountains. This misfit could be due
to several factors, either related to the GIA model (Earth structure, ice history, and mass budget) or to local
tectonics, which we cannot presently discriminate.

We test the effect of small modifications to the original GIA model by keeping the same Earth structure and
ice history but varying the recent ice loss (last 2 ka) as a proxy. An increase of 30% in ice loss in the Yukon
part of the St. Elias Mountains yields the best match to our GPS vertical velocities, with an average misfit of
1.4mm/a, versus 3.1mm/a for the original model predictions [Hu and Freymueller, 2012]. We correct the
GPS velocities using the modified model (cf. supporting information Table S1), which results in
horizontal GIA corrections of 0.2–0.5mm/a on average, up to 3mm/a at sites in the southeastern Alaska
—Glacier Bay area. Corrections to the vertical velocities are much larger (average of 7.5mm/a, up to
30mm/a). Although the uncertainties remain in the GIA model calibration, for this paper we are
interested in the horizontal component of the GIA model calibration, which is small over most of the
study area. Most horizontal velocity corrections are less than 1mm/a and thus have little impact on the
final velocity field, for which uncertainties are correspondingly smaller. Further studies improving locally
the GIA model of Hu and Freymueller [2012] are needed to better address this question.

Uncertainties associated with the postseismic and GIA corrections are difficult to assess. Detailed analyses
and parameter tests would be required to provide quantitative uncertainties, which would still be
constrained by the model limitations (e.g., Earth structure that does not include lateral variations in
rheology). However, we can estimate first-order uncertainties on these corrections by considering
extreme cases (no correction, best fit model, model modified within 50% range, etc.). GIA horizontal
corrections are small compared to the GPS velocities (Figure 2a versus Figure 2b), indicating that
reasonable variations in the model will lead to corrected GPS velocities differing by less than their
standard errors (<0.5mm/a on average) [Elliott et al., 2010]. A similar argument can be made for
postseismic corrections in the far field (>150 km from the Denali rupture), especially in southwest Yukon
(i.e., within the southeastern nodal region).

3.3. Interseismic Loading and Fault Slip Rates

In order to discuss long-term tectonics, we need to remove the interseismic loading associated to the main
active faults. Elliott et al. [2010, 2013] carried out detailed analyses of the regional interseismic deformation
using block models (Figure S4 in the supporting information). Such analyses provide a useful kinematic
frame but constrain the interpretation to a rotating rigid block end-member perspective [Thatcher, 2003].
In addition, the two block models were developed for separate regions and are not completely consistent
on their boundaries. In order to limit the impact of the interseismic corrections on the residual strain
patterns, we use simple back slip models [Savage and Burford, 1973; Savage, 1983] to correct the GPS data
for first-order interseismic loading along the two main plate boundary faults (Fairweather Fault and Yakutat
décollement). We use the fault geometries described by Elliott et al. [2010, 2013] and assume fully locked
faults. We evaluate alternative models so that we can avoid overinterpretation of strain patterns where the
elastic component of the strain field is sensitive to the details of the models.

The Fairweather-Denali system south of about 60.5°N presents a fairly simple case of strike-slip and shorten-
ing partitioning that can be analyzed along a fault-normal cross section (Figures 3 and 4). Fault-parallel velo-
city components (Figure 4a) show an eastward decrease from 49 to 0mm/a, with an arctangent shape
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symptomatic of interseismic loading
along the Fairweather Fault. On both
the Fairweather and Denali Faults, the
interseismic locking depth may range
between ~10 km, a commonly assumed
value, and ~20 km, which corresponds
to the maximum extent of microseismi-
city in the region [Meighan et al., 2013].
Inversion of the GPS velocities yields a
slip rate for the Fairweather Fault
between 52± 1mm/a and 42± 1mm/a,
depending on the assumed locking
depth (20 and 10 km, respectively).
Similarly, the slip rate on the Denali Fault
varies between 1±1 and 3±1mm/a.
For our interseismic corrections, we use
average slip rates of 46.9± 1.2mm/a
and 2.0± 0.9mm/a for the Fairweather
and Denali Faults, respectively, with a
15 km locking depth. We test the influ-
ence of this assumption, which results
in less than 1mm/a of difference between
the models (Figure S3 in the supporting
information). Such a simple model
does not take into account potential
local rotations. The differences in slip
rates between our model and the block
model of Elliott et al. [2013] are of the
order of 2–4mm/a in the Chugach-St.
Elias prism and less than 1mm/a else-
where (Figure S4 in the supporting
information). This difference in the

prism is not an issue in the scope of this paper, as we do not investigate this area in details but only
consider the large-scale tectonics.

For the Yakutat décollement, Elliott et al. [2013] estimate a cumulative slip rate of about 30–40mm/a on the
numerous structures in the Chugach-St. Elias prism. Similar to the Fairweather-Denali region, we wish to
correct for first-order interseismic effects without imposing strain patterns. Thus, we estimate the
interseismic loading assuming a slip rate of 30mm/a on the Yakutat décollement and a single frontal
thrust with a geometry based on Elliott et al. [2013]. We test the effect of variations of the fault
geometry and slip rate on these corrections (Figure S2 in the supporting information) and find
variations up to 5mm/a for stations near the frontal thrust and less than ~3mm/a for stations in the far
field to the north of the St. Elias Mountains. Differences between models are much smaller for sites to
the east of the syntaxis.

The residual velocity field differs only slightly from the original GPS field in the far field of the principal plate
boundary faults (Figure 2). The main change corresponds to a 30–50% reduction and small rotation of
velocities north of the Chugach-St. Elias prism. Uncertainties in the transient corrections are negligible
where the corrections are small relative to the observed velocities. The only region that does not
correspond to this criterion is within and directly north of the Chugach-St. Elias prism, where
interpretation of the residual GPS velocities must be done with caution due to the complex nature of the
interseismic signal (see Figures S2–S4 in the supporting information for uncertainties). Hereafter, the
results and interpretations are based on the velocities corrected for the transient motions (postseismic,
GIA, and interseismic) described above. We focus our interpretations on the regions where the elastic
deformation corrections are not sensitive to the details of the models assumed for them.

Figure 4. Southern horizontal velocity profile. (a) The fault-parallel (NE-SW)
and (b) fault-normal (NW-SE) velocity components (corrected for GIA and
postseismic transients). Solid circles with error bars show the GPS velocity
with their standard errors projected along the profile (cf. Figure 3 for
location). The solid curve in Figure 4a shows the best fit interseismic
model for locked Fairweather (FF) and Denali (DF) Faults with 15 km
locking depth (cf. text).
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4. Indentor Corner
4.1. Kinematics

The residual GPS velocity field highlights three main kinematic domains across the syntaxis (Figure 3):

1. Southeast of the syntaxis, GPS velocities show a strong rotation of orientations from fault-parallel near the
Fairweather Fault to fault-normal along the southern Denali Fault.

2. West of the Yukon-Alaska border, the frontal part of the orogen is characterized by velocities nearly
parallel to the Yakutat/North America motion that decrease from 35 to 40mm/a along the coast to
10–15mm/a in the Chugach Mountains.

3. In the Yukon sector of the St. Elias Mountains, our new GPS data show a rapid decrease to 5–10mm/a
associated with a strong rotation of velocity orientations from about N25°W in the northwest to N50°E
in the southeast, i.e., from nearly parallel to nearly orthogonal to the Yakutat/North America motion.

In contrast to the fault-parallel component, the fault-normal velocity components in the Fairweather-Denali
system indicate a gradual eastward decrease (Figure 4b) and distributed shortening with no clear strain
localization. This region thus presents strong strain partitioning, with approximately one third of the
Yakutat-North America fault-normal motion transmitted east of the Denali Fault to the central part of the
Yukon Cordillera, whereas nearly all of the fault-parallel motion is accommodated on the Fairweather Fault,
leaving the southern Denali Fault mainly inactive. The strong rotation of GPS velocities in the syntaxis area
corresponds to a fan-shaped structure with flow lines radiating away from central region, roughly the
Mount Logan massif, typical of the kinematic pattern expected for an indentor corner (e.g., east Himalaya
syntaxis [Tapponnier and Molnar, 1976; Shen et al., 2005]).

4.2. Strain Rates

On the basis of the different velocity fields, we derive regional strain rate fields using an adaptive interpolation
schemewith a smoothing length ranging between 40 and 100km, depending on the GPS site density [Mazzotti
et al., 2011]. The resulting strain rate fields (original and corrected data) are represented in Figure 5 as the
maximum shear rate (second invariant) and principal axes. Hereafter, we focus on the strain rates derived
from the corrected velocity field (Figure 5c and see Text S3 in the supporting information for a detailed
description of the differences between the strain rate fields). Average spacing between GPS sites is ~40 km,
with two areas of slightly lower density north of Yakutat Bay and within the eastern Chugach Mountains

Figure 5. GPS strain rate field. (a) Original GPS data. (b) GPS data corrected for GIA and 2002 postseismic transients. (c) GPS data corrected for GIA and postseismic
and interseismic transients. Strain rates are expressed as the “maximum shear rate” (second tensor invariant, color map) and principal strain rate axes (solid crosses).
Red lines show main faults and fault system (cf. Figure 1).
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(Figure 1). As a result, the location of strain rate features is only defined with 20–30 km resolution.Several main
features can be identified in the strain rate field (Figure 5c):

1. The peak in strain rates (~200×10�9 a�1) is located in the syntaxis, at the junction between the Fairweather
Fault, Chugach-St. Elias prism, and Border Range Fault, ~50 km southeast of the Mount Logan massif.

2. Similar to the velocity orientations, principal strain rates rotate around the syntaxis. Maximum shortening
axes (ε1) are oriented N-S west of the syntax and turn NE-SW to the southeast.

3. The strain rate style is primarily shortening across the frontal part of the Chugach orogen up to the junc-
tion with the Fairweather Fault at the tip of Yakutat Bay, in agreement with stress patterns from seismicity
[Ruppert, 2008].

4. North of the syntaxis, between the Border Range, Totschunda, and Duke River Faults, strain rates are low,
with a rapid lateral variation from N-S shortening to E-W extension. This extensional signal is in part
related to the interseismic correction (cf. Figures 2 and 5) and should be interpreted with caution.

These GPS strain rate features are in agreement with the deformation patterns expected at the corner of an
indentor or an underthrusting plate. On the basis of analogmodels of oblique collision, Rosenberg et al. [2007]
show that the deformation at the tip and edge of an indentor is very sensitive to the convergence obliquity.
However, all oblique convergence models result in a strong rotation of the shortening axis around the
indentor corner, with limited extension perpendicular to the convergence in front of the syntaxis, similar
to our observed strain rate field. Rosenberg et al. [2007] argue that the convergence-normal extension is
required to accommodate variations in shortening around the syntaxis that result from the system
geometry (in our case, a change from N-S to NE-SW shortening). These particular kinematic and strain
conditions at the syntaxis are also observed in numerical models of Yakutat underthrusting and collision
by Koons et al. [2010], who term this region of high deformation a “strain knot.” Deformation patterns
predicted by these numerical experiments are similar to those observed in our GPS data: convergence-
parallel shortening dominates in the Chugach-St. Elias prism, and a mix of dextral shear and convergence-
normal shortening occur in the syntaxis and Fairweather-Denali transpressive system. The junction
between these two domains corresponds to a strain knot, characterized by focused, high strain rates and
abruptly rotating shortening directions (Figure 5c).

5. Discussion
5.1. Syntaxis and Strain Knot

Our GPS observations complement recent lines of evidence that point to the existence of a region of focused
deformation at the syntaxis. (1) The earthquake distribution shows a small concentration at the tip and
northwest of Yakutat Bay [Doser, 2012, 2014]. Statistical summation of the seismicity yields 10–40mm/a of
shortening and transpressive dextral shear [Leonard et al., 2008]. This region is also the location of the two
Mw~ 8 1899 earthquakes, which accommodated roughly NE-SW oblique shortening [Plafker and Thatcher,
2008]. (2) Thermochronology data from low- and medium-temperature markers indicate a localized zone
of intense exhumation located north-northwest of Yakutat Bay [Enkelmann et al., 2009; Falkowski et al.,
2014; Spotila and Berger, 2010] (Figure 5c). Although the extent and nature of the exhumation peak is
debated, thermochronology data show that the region between Yakutat Bay and the Mount Logan massif
has experienced several kilometers of additional uplift compared to the rest of the orogen to the west and
southeast since the middle to late Miocene. (3) The region north and northwest of Yakutat Bay
corresponds to a major structural bend in the plate boundary fault system and topographic orientations,
with 35–40° rotation between the Fairweather Fault to the southeast and the Chugach-St. Elias prism to
the west [Bruhn et al., 2012]. This tectonics bend is associated with the highest topography outside of the
Mount Logan massif (Mount Saint Elias and Vancouver) (Figures 1 and 5).

The exact location of these various strain knot indicators do not exactly agree. The peak in GPS strain rates is
located at the northern termination of the Fairweather Fault, north-northeast of Yakutat Bay (Figure 5c),
~50 km southeast of the exhumation peak defined by zircon fission track data [Falkowski et al., 2014;
Enkelmann et al., 2009], and within but slightly offset to the southeast compared to the high exhumation
zone defined by low-temperature thermochronology data [Spotila and Berger, 2010] (Figure 5c). The GPS
strain peak is also shifted southeast compared to the highest topography (Mount Logan massif ). These
small offsets may be the result of location biases in the various data sets. In particular, the GPS station
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distribution has a gap within the peak
strain area and may not be capable of
resolving patterns below ~50 km scale.
Similarly, uncertainties related to the
various transient corrections may lead
to a small bias in strain rate location.
Alternatively, the southeastern offset
of the GPS strain knot relative to the
topography and thermochronology
markers could reflect the ongoing
southward (outward) propagation of
deformation of the Chugach-St. Elias
prism observed at different time scales,
as proposed by Koons et al. [2010].

5.2. Inland Strain Transfer

Within the uncertainties of the transient
corrections, our new data provide new
information regarding strain transfer
and lateral motions in the area

between the Chugach-St. Elias prism and the Denali Fault (Figures 1 and 5). Fan-like velocities at the front
of the syntaxis result in relatively low strain rates (~50 × 10�9 a�1) and complex lateral variations between
N-S shortening and E-W to SE-NW extension, with limited indications of significant shear or strike-slip
deformation (Figure 5c). In this area, a hypothetical structure (the Connector Fault) has been proposed to
link the Fairweather and Totschunda Faults, with tentative support from kinematic models [Lahr and
Plafker, 1980], thermochronology [Spotila and Berger, 2010], and seismicity data [Doser, 2014]. We test the
possible presence of this fault using GPS data along a NE-SW profile (Figure 6, cf. Figure 3 for location).
Fault-parallel velocities across this region show a clear northeastward decrease from ~10 to ~0mm/a, but
no clear indication of localized deformation associated with creeping or locked faults. Attempting to fit an
interseismic model [Savage and Burford, 1973; Savage, 1983] of locked Connector and Denali Faults to the
GPS data yields a poor data fit (average misfit of 1.3mm/a), with right-lateral slip rates of 4 ± 2mm/a and 7
± 2mm/a for the best fit model for the two faults, respectively (imposed locking depth of 15 km). In
particular, the GPS station located directly east of the hypothetical Connector Fault trace shows the same
velocity as those to the west (~10mm/a, Figure 6), indicating that no significant strike-slip motion occurs
within this region. The highest shear appears to be located east of the Connector Fault and corresponds to
the clockwise rotation of velocities around the indentor corner (Figure 3). Considering the low density of
GPS sites in the area and the continuous gradient observed southwest of the Denali Fault, our data cannot
resolve the fault location more precisely although they would be consistent with a fault shifted lightly
northeast of the proposed Connector Fault.

The Yakutat collision may be associated with deformation of the Cordillera further inland, as far as the
foreland belt 500–800 km to the north and east. Concentration of seismicity in these regions [Leonard
et al., 2008] and numerical models of strain transfer [Mazzotti and Hyndman, 2002; Soofi and Wu, 2008]
suggest that as much as 5mm/a of residual deformation may be transmitted to the Alaska-Yukon
Cordillera. Our new GPS solution indicates that sites in central and eastern Yukon are associated with raw
velocities (not corrected for transient motions) of 2–3mm/a to the southeast (supporting information
Table S1). The interpretation of these small velocities is strongly sensitive to reference frame and transient
(GIA) corrections. Relative to the two stations on the east side of the Cordillera, stations in central and
northern Yukon indicate 1–2.5mm/a differential motion oriented northeast to southeast, depending on
assumed GIA corrections. These rates suggest that far-field strain transfer in the cordillera may be more
limited than previously proposed.

5.3. Indentor-Corner-Distributed Tectonics

Figure 7 presents a schematic view of regional tectonics associated with the Yakutat collision and its eastern
syntaxis. In the central (western) part of the collision, most of the Yakutat/North America convergence is

Figure 6. Northern horizontal velocity profile. Solid circles with error bars
show the fault-parallel (NE-SW) GPS velocity components (corrected for
GIA and postseismic transients) with their standard errors projected along
the profile (cf. Figure 3 for location). The solid curve shows the best fit
interseismic model for locked Connector (CF) and Denali (DF) Faults with
15 km locking depth (cf. text).
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accommodated within the Chugach-St.
Elias prism [Chapman et al., 2012;
Elliott et al., 2013], although inland
strain transfer and counterclockwise
rotation between the prism and the
Denali Fault may account for ~20–25%
of the Yakutat-North America conver-
gence [Leonard et al., 2007; Elliott et al.,
2013]. The area between the Chugach-
St. Elias prism and the central Denali
Fault is characterized by relatively low
strain rates (Figure 5c), consistent with
the predicted separation of these two
deformation zones in response to
Yakutat microplate underthrusting
[Koons et al., 2010].

The lateral (eastern) part of the collision
zone (Fairweather-southern Denali sys-
tem) is characterized by a sharp rotation
of velocity and strain rate orientations,
which become nearly orthogonal to
the Yakutat-North America convergence
in SW Yukon. We infer that this rotation
pattern marks the transition from frontal
collision in the prism to transpression
[Koons et al., 2010], in response to strain
concentration in the syntaxis/strain knot
area. As shown in Figure 7, this velocity
and strain rate rotation results in

fault-normal shortening along the southern section of the Denali Fault, resulting in very low (2.0 ± 0.9mm/a)
dextral slip rate (Figure 4a) and potentially active shortening structures [Haeussler et al., 2013].

These results suggest two different tectonic regimes in SE Alaska and SW Yukon, in response to the Yakutat
collision. In the region directly in front and east of the syntaxis, the velocity and strain rate patterns appear to
be best matched by diffuse deformation and do not fit previous models of large active faults and rigid blocks
(e.g., Fairweather block limited by active Connector and Eastern Denali Faults [Elliott et al., 2010]). In contrast,
significant Holocene slip rates on the central Denali Fault (~12mm/a) and the Totschunda and Denali Faults at
their northern junction (~6 and ~8mm/a [Matmon et al., 2006]) suggest that these structures accommodate
most of the deformation in the northern part of the orogen. Within this tentative tectonic schema (Figure 7),
strain transfer from the syntaxis to the upper plate interior is accommodated by a combination of diffuse
deformation (e.g., between the Fairweather and northern Totschunda Faults) and localized deformation on
major active faults (e.g., central Denali Fault).

6. Conclusion

Our GPS data and analysis provide new constraints on the present-day tectonics of the Yakutat-St. Elias
collision, particularly its eastern syntaxis. The residual (long-term) GPS velocities show a strong rotation
around the syntaxis, from nearly parallel to the plate motion west of the syntaxis to nearly orthogonal east
of it, over less than 100 km distances. This velocity rotation is associated with a narrow zone (50–100 km)
of focused deformation at the syntaxis with high strain rates and a rapid rotation of the maximum
shortening axis orientations. These patterns, consistent with that expected at an indentor corner, result in
a fan-shaped inland strain transfer into the Yukon and SE Alaska cordillera where it interacts with inherited
structures to produce a strong lateral variation in strain localization and fault activity: (1) The Denali Fault
changes from ~12mm/a nearly pure strike slip in central Alaska to, potentially, a few mm/a of shortening

Figure 7. Schematic model of present-day indentor-corner tectonics. The
syntaxis region is divided in three main domains. Green: Chugach-St. Elias
prism; orange: Fairweather-Denali transpressive system; grey: zone of
counterclockwise rotation. Thin dashed lines show the regional pattern of
displacements and maximum horizontal shortening rotating around the
strain knot. Black facing arrows indicate shortening orientations with
approximate shortening rates across the main domains. Solid and dashed
red lines show main and potentially active faults, respectively.
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in SE Yukon; (2) diffuse E-W transtension seems to characterize the St. Elias Mountains in front of the syntaxis,
with no evidence for localization on the hypothetical Connector Fault.

This tectonic diagram raises several questions on the detailed strain distribution, fault activity, and dynamics
of the orogen. In order to better understand the spatial variations in regional strain distribution and
partitioning, the relationship between the indentor-corner dynamics and inherited structures needs to be
analyzed in detail. The eastern Yakutat syntaxis region is marked by two large lithospheric-scale faults
(Fairweather and Denali) that accommodated several hundred kilometers of displacements and, as a result,
likely correspond to zones of weakness, albeit with potentially strong along-strike anisotropy [Rasendra
et al., 2014]. Other large faults and terrane boundaries such as the Duke River, Totschunda, or Chugach-St.
Elias prism faults may be more limited and only affect the upper crust, although they might mark lateral
differences in crustal composition and rheology. New studies including 3-D numerical modeling,
geomorphological mapping, and dating along the Denali and Totschunda fault systems are required to
better understand the interactions between the Yakutat collision dynamics and these various structures.
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