
Crustal Structure and Quaternary Acceleration of Deformation
Rates in Central Washington Revealed by Stream
Profile Inversion, Potential Field Geophysics,
and Structural Geology of the Yakima Folds
Lydia Staisch1,2 , Richard Blakely1, Harvey Kelsey3 , Richard Styron4 , and Brian Sherrod2

1Geology, Minerals, Energy and Geophysics Science Center, U.S. Geological Survey, Menlo Park, CA, USA, 2U.S. Geological
Survey, Earthquake Science Center, University of Washington, Seattle, WA, USA, 3Department of Geology, Humboldt State
University, Arcata, CA, USA, 4Global Earthquake Model Foundation, Pavia, Italy

Abtract Post-Miocene tectonic uplift along fault-cored anticlines within central Washington produced the
Yakima Fold Province, a region of active NNE-SSW shortening in the Cascadian backarc. The relative timing
and rate of deformation along individual structures is coarsely defined yet imperative for seismic hazard
assessment. In this work, we use geomorphic and geophysical mapping, stream profile inversion, and
balanced cross-section methods to constrain fault geometries and slip rates in the Yakima Canyon region. We
extract stream profiles from LiDAR data and analytically solve for the rate of relative rock uplift along several
active fault-cored anticlines. To constrain the fault geometries at depth and the long-term magnitude of
deformation, we constructed two line-balanced cross sections across the folds with forward-modeled
magnetic and gravity anomaly data. Our stream profile results indicate an increase of incision rates in the
Pleistocene, and we infer the increase is tectonically controlled. We estimate modern slip rates between 0.4
and 0.6 mm/year accommodated on reverse faults that core the Manastash Ridge, Umtanum Ridge, and
Selah Butte anticlines and establish that these faults reactivate and invert older normal faults in basement
rocks. Finally, we calculate the time required to accumulate sufficient strain energy for a large magnitude
earthquake (M ≥ 7) along individual structures in the Yakima Fold Province. Results show that the Yakima
folds likely accommodate largemagnitude earthquakes and that it takes several hundred to several thousand
years to accumulate sufficient strain energy for an M ≥ 7 earthquake.

1. Introduction

Directly measuring the evolution of tectonic uplift requires a landscape in which precisely datable geologic
strain markers exist and are well distributed in time and space, a condition that is not always met.
Fortunately, methods to extract and analyze the geomorphic signature of deformation have been developed
over the past several decades and provide means to indirectly measure relative rock uplift and address out-
standing tectonic questions about landscapes with limited geologic strain markers (Fox et al., 2014, 2015;
Glotzbach, 2015; Goren et al., 2014; Whittaker et al., 2008). Fluvial networks adjust to topographic develop-
ment primarily through channel steepening such that anomalously steep reaches along a channel long profile
can be indicative of spatially or temporally varying rates of topographic growth (Kirby & Whipple, 2001, 2012;
Snyder et al., 2000, 2003). Recent work has shown that even sparse direct measures of deformation rate can be
used to calibrate observed changes in channel steepness to solve for the tempo of relative rock uplift and how
it may change over time and space (Goren et al., 2014). Combined geomorphic and geologic measures of tec-
tonic uplift are especially useful in regions of slow strain accumulation and poorly understood earthquake
hazards where satellite measurements of active deformation are of limited resolution (Kirby et al., 2008).

The Yakima Fold Province (YFP), located in the backarc of the Cascadia subduction zone (Figure 1), is a region
of active seismicity related to deformation along an array of generally E-W to NW-SE trending fault-cored
folds (Gomberg et al., 2012). Historical earthquakes in the region include the 1872 M6.8 Entiat and the
1936 M5.7 Milton-Freewater earthquakes (Bakun et al., 2002; Brown, 1937), in addition to low-magnitude
seismicity, typically M < 3. Geodetic data show ~2 mm/year of NNE-SSW shortening (McCaffrey et al.,
2013, 2016), and while geodetic and earthquake data indicate active deformation, the slow strain environ-
ment of the YFP makes it difficult to assess the rate of deformation accommodated on individual structures.
Recent work using cosmogenic dating of strath terraces within the Yakima Canyon provides critical estimates
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of Quaternary relative rock uplift rates in the area and shows that recent deformation is focused along
anticlinal ridges (Bender et al., 2016). Yet how these Quaternary deformation rates relate to decadal-scale
and longer-term deformation is not well constrained. Furthermore, whether deformation along the Yakima
folds involves deep crustal structures, and what those structures may be, remains debated (Casale & Pratt,
2015; Pratt, 2012; Reidel et al., 2013).

In this work, we acquire a continuous record of relative rock uplift rates and assess rates and magnitudes of
long-term deformation along the three major structures of the Yakima Canyon: the Manastash Ridge,
Umtanum Ridge, and Selah Butte anticlines (Figure 1). In our geomorphic analyses, we exploit the availability
of high-resolution LiDAR data and existing ages of strath terraces in the Yakima Canyon to invert stream

Figure 1. Geologic map of the Yakima Fold Province (YFP) simplified from the 1:250,000 scale map available at http://www.dnr.wa.gov/geologyportal. The under-
lying digital elevation model hillshade derivative is 10-m-resolution U.S. Geological Survey national map database (ned.usgs.gov). EP = Explorer Plate; GP = Gorda
Plate; HRNA = Hog Ranch-Naneum anticline; JDFP = Juan de Fuca Plate; NAP = North American Plate; PP = Pacific Plate.
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profiles and analytically solve for relative rock uplift rates. We also construct and retrodeform two balanced
cross sections, with additional constraints from gravity and high-resolution aeromagnetic anomaly data, to
better understand the structure of the Yakima folds and provide a long-term geologic context for calculated
relative rock uplift rates. Finally, we use the new slip rates and fault geometry to calculate the time required
to accumulate sufficient strain energy for a large-magnitude earthquake (M ≥ 7) along individual structures.

2. Geologic Setting

The Yakima Canyon is bounded in the north by the Kittitas Valley and in the south by the Selah Valley. Here
the Yakima River incised orthogonally through the Manastash Ridge, Umtanum Ridge, and Selah Butte anti-
clines, from north to south (Figure 1). The Yakima Canyon has incised over 600 m through these folds and
provides excellent exposure of the typically north-vergent anticlines and occasionally overturned basaltic
strata (Bentley, 1977; Kelsey et al., 2017; Figure 2).

The River Columbia Flood Basalt Group (CRBG) is the most prominent rock type exposed in the Yakima
Canyon and includes the Grande Ronde, Wanapum, and Saddle Mountains basalts, which are further divided
into various flowmembers based on geochemical signature and paleomagnetic orientations (Figures 1 and 3;
Barry et al., 2013; Camp, 1981; Reidel, 1983; Reidel et al., 2013; Reidel & Fecht, 1987; Swanson et al., 1979).
While not exposed at the surface in the Yakima Canyon region, the stratigraphy of underlying units is fairly
well defined from exploratory oil and gas wells (Figure 1). Boreholes YM 1-33, BN 2-35, and SB-1 penetrate
beneath the CRBG and into Oligocene volcaniclastic and clastic strata and Eocene clastic strata (Czajkowski
et al., 2012). Only BN 2-35 penetrates into basement rock (Czajkowski et al., 2012). Strata that overlie the
CRBG are exposed within the Kittitas and Selah valleys but are largely absent from the deformed intervening
region. These strata include the late Miocene-Pliocene upper Ellensburg Formation, the Pliocene Thorp
Gravel, and Quaternary alluvium (Figure 1).

Several sparse late Miocene-Quaternary strain markers exist and add important insight into recent deforma-
tion. The upper Ellensburg Formation (Smith, 1988a) and Thorp Gravel (Waitt, 1979) are differentially tilted

Figure 2. (a) Field photograph of the Yakima Canyon, taken from the crest of Selah Butte anticline on the east side of the Yakima River. Photo was taken facing
southwest, looking into the Selah Valley. The Yakima Canyon incised ~600 m at this point and exposes stratigraphy from the Pomona member of the Saddle
Mountains Basalt (top) to the R2 member of the Grande Ronde Basalt (bottom). Photo taken by L. M. Staisch. (b) Field photograph of the Umtanum Ridge anticline
from the Yakima Canyon floor, looking southeast. Here the Yakima River incises a deep cross section to show overturned basaltic strata of the north-vergent
Umtanum Ridge anticline. Photo by H. M. Kelsey.
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along the north-sloping forelimb of the Manastash Ridge anticline, and this relationship has been used to
argue for post-Pliocene deformation (Bender et al., 2016; Bentley, 1977). In addition, the Thorp Gravels were
deposited and are exposed along the flanks of the Umtanum Ridge anticline (Schuster, 1994) and uplifted
several hundred meters relative to correlative deposits in the Kittitas and Selah valleys. Finally, strath terraces
within the Yakima Canyon have been recently dated between 0.1 and 1.6 Ma and indicate that Quaternary
incision rates are higher along anticlinal crests than in synclinal troughs (Bender et al., 2016). While the upper
Ellensburg Formation, Thorp Gravel, and dated strath terraces suggest post-Pliocene to Quaternary deforma-
tion along the Yakima folds, these geologic markers only provide a rough estimate of deformation rates and
how they may have changed over time.

3. Stream Profile Inversion

Mathematical river incisionmodels are often used to quantify relative rates of landscape evolution, where local
channel steepness is set by relative rock uplift rate, bedrock erodibility, and climatic variability (Whipple et al.,
2000). In regions of spatially and temporally uniform bedrock and climate, channel steepness is proportional to
rock uplift rates, allowing for indirect calculation of tectonic and erosion rates from elevation models. Most
widely accepted models are typically based on the stream power incision model of Howard and Kerby (1983):

E ¼ KAmSn; (1)

where E is the incision rate; K is the erodibility constant dependent on process-oriented, climatic, and geolo-
gic factors (Whipple, 2004); A is upstream drainage area; S is local topographic slope; andm and n are positive
exponents. Combined with the detachment-limited mass balance equation (Howard, 1994; Howard & Kerby,
1983) equation (1) becomes

dz
dt

¼ U � E ¼ U � KAmSn; (2)

where the change in elevation along a stream over time (dz/dt) is the result of relative rates of rock uplift (U)
and river incision (E), with respect to base level. Under topographic steady state (E = U), we can relate local
gradient (S) to relative rock uplift rate (U; Flint, 1974; Hack, 1957; Kirby & Whipple, 2012):

S ¼ U
K

� �1=n
A�m=n: (3)

This equation provides the fundamental link between channel slope and rock uplift rate, which may vary
either spatially or temporally. In regions where abrupt changes in channel steepness (knickpoints) do not spa-
tially correlate to tectonic structures or lithologic contacts, such as the Yakima folds (Figure 4), channel mor-
phology may record temporal variations in relative rock uplift rate. In this case of a transient landscape, the
lower reaches of a stream are equilibrated to the modern rate of uplift, whereas the upper reaches are equili-
brated to the previous rate of uplift (Whipple & Tucker, 1999); with time, the transition point between the two
equilibria migrates upstream. To estimate at what point in time rate changes may have occurred, we use the
equation for channel response time (τ) to tectonic perturbations (Goren et al., 2014; Whipple & Tucker, 1999),
where τ(x) is the response time for perturbations to propagate from the river outlet at x = 0 to a point x along
the channel:

τ xð Þ ¼ ∫x0
dx

0

KA xð ÞmS xð Þn�1 : (4)

The near uniform basaltic bedrock of central Washington and homogenously semiarid climate make the
Yakima folds an ideal landscape to extract elevation data for uplift rate estimation (Figures 1 and S1 and S2
in the supporting information). Additionally, while the geomorphology of central and eastern Washington
was significantly altered during Pleistocene outburst floods from glacial Lake Missoula, the Yakima Canyon
was sheltered (Benito & O’Connor, 2003; Bretz, 1925, 1932; Smith, 1993; Waitt, 1980, 1985), and therefore older

Figure 3. Detailed geologic map of the Yakima Canyon overlain on 2-m-resolution LiDAR imagery. Geologic mapping is modified based on field and LiDAR obser-
vations from the 1:100,000 scale mapping (Schuster, 1994; Walsh, 1986) available at http://www.dnr.wa.gov/geologyportal. Mapped fault traces for the Manastash
Ridge are adopted from Kelsey et al. (2017). Bedding orientations are sourced from Walsh (1986), Schuster (1994), and Miller (2014).
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Figure 4. Geomorphic maps of the Yakima Canyon region. (a) Normalized channel steepness (ksn) is plotted for the streams
extracted from 2-m-resolution LiDAR data and analyzed, with warmer colors indicating higher ksn values. Major changes in
ksn do not spatially correlate with mapped tectonic structures. (b) Streams selected for inversion and colored coded by the
structure that they drain. For both maps, strath terraces dated by Bender et al. (2016) are plotted as white dots. Digital
elevation model and hillshade derivative of the Yakima Canyon region are from LiDAR surveys where available (http://
lidarportal.dnr.wa.gov) and 10-m-resolution U.S. Geological Survey national map database (ned.usgs.gov). HRNA = Hog
Ranch-Naneum anticline.
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landforms are sufficiently well preserved for analysis. To solve for rela-
tive rock uplift rate over time, we invert the equation:

z 0; xð Þ ¼ ∫0�τ xð ÞU t
0

� �
dt

0
(5)

for block uplift from Goren et al. (2014), where the rate of rock uplift is
determined from the measured values of elevation (z), slope (S), area
(A), and distance (x) along a longitudinal profile. Slope and area are incor-
porated in the lower limit of the integrand (τ(x); equation (4)). Measured
geomorphic values (z, S, A, x) come from 2-m LiDAR topography
extracted along streams that drain three tectonic structures: the
Manastash Ridge, UmtanumRidge, and Selah Butte anticlines (Figure 4b).

We limit our analysis to streams that drain topography produced by
each structure and to areas that have not been significantly altered by
agriculture or road construction, since these human activities influence
and complicate digital elevation models and extracted stream data
(Figure 4b). We must therefore exclude streams that drain into the
Kittitas or Selah valleys prior to confluencewith the Yakima River. We also
exclude the streams that drain the north-facing slopes of the Umtanum
Ridge because they cross the major fault trace between the Umtanum
Ridge and Manastash Ridge fault blocks (Figure 4b). From the morphol-
ogy and glacial history of the region, we confirm that Pleistocene glaciers
did not extend into the catchments analyzed (Porter, 1976). For the pre-
ceding and following equations, we make the common assumption of a
linear solution to the stream power law (n = 1; Goren et al., 2014).

To infer relative rock uplift rate from the topographic data set, we cali-
brate several parameters to the landscape, namely, the area exponent
(m) and the erodibility constant (K) for the transient stream power

model. Both of these parameters strongly influence the results of calculated relative rock uplift rate (U) and
channel response time (τ). Additionally, we must select the number of time interval, q, and smoothing factor,
L, that sufficiently capture the rate and change of relative rock uplift without oversimplifying our data set or
allowing data artifacts to propagate into unrealistic models (Fox et al., 2015; Goren et al., 2014).

3.1. Calibration of the Erodibility Constant, Area Exponent

Empirical studies find that channel steepness (ks) along a stream profile can be calculated using power-law
scaling relationship between drainage area and local slope (Flint, 1974; Hack, 1957; Howard & Kerby, 1983).
When combined with the stream power incision model (equation (1)), this becomes

ks ¼ SAm=n ¼ E
K

� �1=n
: (6)

The relationship above allows calibration of the erodibility constant (K) with measurements of incision (E) and
steepness (ks; DeLong et al., 2017; Kirby & Whipple, 2001; Whipple, 2004). For the Yakima Canyon, we used
incision rates from cosmogenic nuclide dating of strath surfaces (Bender et al., 2016) and measurements of
normalized channel steepness from a 2-m-resolution LiDAR data set following the procedure outlined by
Wobus et al. (2006). We estimate K to be 7.08E�06 ± 9.98E�07 m0.2/year by calculating the likelihood of the
linear regression fit to the 2-sigma uncertainty in the measured data, with a reference concavity θ = 0.4
(Figure 5). The likelihood of each regression was computed based on the assumption that uncertainties of
the measured data are Gaussian. The linear regression trials were sampled from the posterior to return a nor-
malized relative probability distribution for slope and intercept values. We use the linear fit with the highest
calculated likelihood as our best-fit estimate of K and uncertainty in K was determined from the 95% confi-
dence interval of the sampled posteriors. The Yakima folds are hosted uniformly in basalt; thus, we justify
using a uniform value of K for further calculations. We note that Kwas estimated from the Yakima River, where
ksn values are relatively low, between 6 and 14, whereas ksn values in tributaries are steeper (Figure 4). The
uncertainty in K is used to estimate the uncertainty in U and τ. Since channel response time is integrative over
stream length, the uncertainty in channel response time increases towards the headwaters.

Figure 5. Incision rates measured from cosmogenically dated strath terraces
(Bender et al., 2016) plotted against measured channel steepness values (ks)
for along the Yakima River for each strath terrane location. The slope of the linear
regression through these data points provides an estimate of the bedrock
erodibility constant (K).
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To define a suitable value of the area exponent (m), we use χ-plot methods (Perron & Royden, 2013) and
assume that profiles are in equilibrium and exponent n = 1 (see above). This method normalizes streams
by a reference drainage area and concavity, thus removing the influence of drainage area on the longitudinal
slope profile. The linearization of stream profiles by transforming the distance coordinate, x, to the area-
independent value, χ, is an improvement on the conventional slope-area analysis for finding the value of
m (Perron & Royden, 2013). We obtain the best-fit exponent value by maximizing the linear fit of streams
in χ-z space (Figure 6). For our streams, this has the same result as the method of minimizing misfit between
trunk streams and tributaries of all extracted stream profiles (Goren et al., 2014). We find that the best-fit area
exponent value (m) is 0.4 (Figure 6).

3.2. Linear Least Squares Solution for Block Uplift Conditions

Withm and K estimated, we define vectors z and τ to be the elevations at each pixel in our stream extracted
stream networks and corresponding values of τ calculated using equation (5). This allows us to estimate the
relative rock uplift rate value (U) at each point in the stream network using the block uplift end member least
squares inversion developed by Goren et al. (2014), in which the integral expression for relative rock uplift
rate is discretized into time intervals (Δτ). The elevation at each point (zi) can be estimated by

Au ¼ z; (7)

where

z ¼ z1 z2…zi…zN½ � and u ¼ u1 u2…uj…uq
� �

: (8)

Matrix A is an N × qmatrix, N is the number of data points, and q is the number of discrete time intervals and
each row of matrix A sums to τi. As an initial estimate of relative rock uplift rate, we use every data point in the
stream channels, such that N = q. However, given the high resolution of the topographic data set, there are
more data points from the 2-m LiDAR topographic data set than discrete changes in relative rock uplift rate.
Topographic data are often smoothed or damped in order to avoid small errors or data artifacts propagating
into large errors in estimated relative rock uplift rate (Fox et al., 2015; Goren et al., 2014). Thus, we apply a
zero-phase moving average to smooth the elevation vector z and apply a linear least squares scheme to esti-
mate u:
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Figure 6. The upper plot shows the R2 value for linear regressions through χ-z, given a range in m values. The maximum R2

value obtained is when χ is calculated withm = 0.4 for all streams. The lower plot is of χ versus elevation (χ-z plot) for trunk
streams (black) and side streams (gray) used in stream profile inversion, with m value set at its best-fit value of 0.4.
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u ¼ ATAþ I
� 	�1

ATzS; (9)

where zS is the N-length vector with smoothed elevation values and I is a small q × q identity matrix. We
repeat this inversion with various values of L and q and calculate the predicted elevations for the resulting
inferred relative rock uplift history. For each combination of L and q, we calculate the misfit between mea-
sured and predicted elevations using equation:

misfit ¼ 1
N � q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼1

zi � zpredi

� �2

vuut ; (10)

where zi and zpredi are the measured and predicted elevation values, respectively. We select the number of
time interval, q, and smoothing factor, L, that minimize misfit while maximizing smoothing (Figure S3). Our
results show that for q = 30, 50, 70, and 90, the optimal smoothing factor is 600. To gain confidence in the
inferred rock uplift histories, Goren et al. (2014) designed a temporal resolution study in which they imposed
a hypothetical uplift history and forward modeled three synthetic topographic profiles with (a) no added
noise, (b) ±10-m white noise, or (c) ±100-m white noise. The imposed uplift history is then compared to
the inferred uplift history from linear least squares of the synthetic topographies, allowing one to identify
whether or not the chosen smoothing (L) and time interval (q) reproduce reasonable results. We adopted this
analysis with the real τ distribution from Yakima Canyon LiDAR data. Results show good agreement between
imposed and inferred relative rock uplift histories for q values between 30 and 70 and L = 600. Some small
artifacts were identified in all trials with ±100-m white noise (Figure S4). We calculated misfit between the
imposed and inferred topographic data and found that L = 600 and q = 50 produce the best results
(Figure S4). We therefore adopt these values for inferring the relative rock uplift history of the Manastash
Ridge, Umtanum Ridge, and Selah Butte anticlines.

3.3. Results

Stream profile inversion results for three individual fault-cored folds show a common pattern of acceleration
in incision rate in Pleistocene time with high rates maintained through Quaternary time (Figure 7). All mod-
eled incision rates are relative to modern Yakima River base level. Modeled relative rock uplift rates for the
northernmost fold, Manastash Ridge anticline, are calculated for the past 6.1+1.1/�0.7 Ma (Figure 7a). Our
results reveal slow rates, below 0.1 mm/year, until ~1.3 Ma (Figure 7a). After this time, relative rock uplift rates
increase to 0.14–0.20 mm/year (Figure 7a). We calculate 0.40 ± 0.09-km cumulative relative rock uplift for the
Manastash Ridge anticline by summation of modeled rates multiplied by each time step (Figure 7b).

Similarly, modeled relative rock uplift rates for the Umtanum Ridge anticline calculated over the past
6.2+1.0/�0.7 Ma are initially slow, below 0.1 mm/year (Figure 7c). Relative rock uplift rates peak to
0.11–0.22 mm/year between Pleistocene and modern time (Figure 7c). The acceleration in relative rock uplift
rate along the Umtanum Ridge anticline is somewhat more gradual than for the Manastash Ridge anticline
(Figures 7a and 7c). The cumulative relative rock uplift calculated for the Umtanum Ridge anticline is
0.63 ± 0.11 km (Figure 7d).

The calculated relative rock uplift rates for the Selah Butte anticline are over a shorter time period, owing to
the shorter streams used for inversion (Figure 4b). Results show a gradual increase in relative rock uplift rate
starting at ~2.2 Ma, with peak rates at ~0.23 mm/year between 0.5 and 0.6 Ma (Figure 7e). We calculate that
the Selah Butte anticline has accommodated ~0.30 km of rock uplift since ~2.2 Ma (Figure 7f).

3.4. Comparison With Paleoclimate Data, the Uplifted Thorp Gravel, and Yakima River Strath Terraces

Isotope data from Miocene-Holocene pedogenic carbonates and hydrated glass indicate a progressive
decrease in annual precipitation in eastern and central Washington, suggesting coincident topographic uplift
of the Cascade Range and desertification of the backarc (Takeuchi et al., 2010; Takeuchi & Larson, 2005). The
expected effect of this change in mean annual precipitation on the erosive power and incision rates of rivers
in the Cascadia backarc is exactly opposite to the steepening and increased relative rock uplift determined
from stream profile inversion. We therefore suggest that changes in climate are unable to explain modeled
incision rates along the Yakima folds and therefore infer that modeled incision rates are predominantly set
by tectonically driven relative rock uplift.
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The Thorp Gravel is an important young strain marker in the Yakima Fold Province that test our inference that
modeled incision rates are driven by tectonic uplift. These continental gravels were deposited ~2.9 Ma in an
alluvial setting and graded to the late Miocene-Pliocene Yakima River (Bender et al., 2016), in agreement with
the maximum depositional ages (3.6 ± 0.4) from detrital zircon fission track (Waitt, 1979). Clast compositions
of the Thorp Gravel range from predominantly Cascade-derived volcanic andesites and basaltic andesites to
predominantly Columbia River basalt clasts depending on proximity to the Cascade Range. In the Kittitas
Valley, north of the Yakima River Canyon, Thorp Gravel deposits are found at modern elevations of
440–465 m (Figure 8). Similarly, Thorp Gravel exposures in the Selah Valley, located south of the Yakima
River Canyon, are at 435–470 m (Figure 8). The overlap in deposit elevations suggests that little differential
uplift and incision has occurred in the Kittitas Valley relative to the Selah Valley. In contrast, Thorp Gravel
deposits within the Selah Creek drainage, on the flanks of the Umtanum Ridge anticline, occur at elevations
between 670 and 750m (Figure 8), suggesting that there has been between 230 and 280m of uplift along the
Umtanum Ridge anticline since 2.9 ± 0.1 Ma.

The cumulative uplift we calculate from stream profile inversion along the Umtanum Ridge anticline since
2.9 Ma is 315 ± 70 m (Figure 7d), with the Yakima River set as base level. The Yakima River has incised the
Yakima and Kittitas Valleys ~50 m since Thorp deposition; thus, the modeled post Miocene tectonic uplift
of the Thorp Gravel along the Umtanum Ridge anticline is slightly reduced to 265 ± 70 m. The consistency
in calculated and measured cumulative deformation inferred from Thorp Gravel deposits suggests that our
modeled uplift rates are accurate. By using the Yakima River as base level, our modeled relative rock uplift
rates include a 0.01 mm/year component of fluvial incision. Accordingly, to calculate tectonic rock uplift rates,
we reduce our modeled rates by 0.01 mm/year (Table 2).

The Yakima River incises orthogonal to themain strike of fold structures, and thus the recent cosmogenic dat-
ing of Yakima River strath terraces provides additional insight into rates of river incision and tectonic uplift
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Figure 7. Results of stream profile inversion, plotted for each anticline as incision rate over time and cumulative uplift over
time. Plots (a) and (b) are the incision rate and cumulative uplift, respectively, for the Manastash Ridge anticline. In (a), the
incision rate measured from the Rattlesnake Dance terrace, near the crest of the Manastash Ridge anticline (Figure 8), is
plotted with uncertainty. Plots (c) and (d) are the incision rate and cumulative uplift, respectively, for the Umtanum Ridge
anticline. In (c), the incision ratemeasured from the Big Pines terrace, near the crest of the UmtanumRidge anticline (Figure 8),
is plottedwith uncertainty. Plots (e) and (f) are the incision rate and cumulative uplift, respectively, for the Selah Butte anticline.
In (d) and (e), the amount of uplift measured from vertically offset 2.9-Ma Thorp Gravel deposits (Figure 8) is plotted.
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(Bender et al., 2016). Incision rates inferred from strath terracemeasurements are highest near anticlinal ridges
and towards frontal faults (Figure 8). While the measured incision rates from terraces are time-integrated, the
105 timescale over which the youngest strath terraces dated by Bender et al. (2016) have averaged incision
rates appears to be relatively constant and can therefore be directly compared to our incision rate
estimates. We also note that the incision rates measured by Bender et al. (2016) are used to estimate the
erodibility constant (K); as such the comparison between model results and measured incision rates may
seem circular, however, we note that the streams used for inversion have smaller drainage areas than the
Yakima River. Therefore, the comparison between measured and modeled incision rates is an internal check
that our estimated values of K from Yakima River strath terraces are applicable for smaller tributary streams.

The ~0.2-Ma strath terrace closest to the Manastash Ridge anticlinal crest suggests that the Yakima River is
incising at a rate of 0.114+164/�79 mm/year (Bender et al., 2016), within uncertainty of our estimates from
stream profile inversion (Figure 7a). Similarly, measured incision rate for the 0.1-Ma strath terrace near the
Umtanum Ridge anticlinal crest is>0.07mm/year, in agreement with calculated relative rock uplift rates from
stream profile inversion (Figure 7c; Bender et al., 2016). The 1.6-Ma Meander strath terrace site, located
between the Umtanum and Manastash ridges, and Thorp Gravel site in Kittitas Valley have comparably low
incision rates (Bender et al., 2016), suggesting the intervening syncline has experienced little to no uplift rela-
tive to the Kittitas and Selah valleys. These spatially variable rates along the Yakima River indicate that uplift
due to compressive deformation is concentrated near the fold and fault traces, whereas incision near syncl-
inal troughs largely reflects regional fluvial incision (Bender et al., 2016).

4. Fault Geometry and Cumulative Deformation

We constructed two balanced cross sections from Kittitas Valley southward to the Selah Valley to constrain
the magnitude of post-CRBG shortening and fault geometries at depth. Cross-section A-A0 was designed to
assess total shortening across the canyon region given its proximity to abundant structural measurements.

Figure 8. Topographic map of the Yakima Canyon, oriented with the inferred direction of maximum convergence as hor-
izontal. Mapped deposits of the Pliocene Thorp Gravels are shown in pink, with their relative elevations noted in the
Kittitas Valley, Selah Valley, and along the flanks of Umtanum Ridge. Dated strath terraces from Bender et al. (2016) are
plotted as colorful dots, with associated calculated incision rates plotted on the inset graph. From left to right, strath
terraces are BP = Big Pines, DC = Death Chute, LI = Lower Island, M = Meander, RD = Rattlesnake Dance, TR = Toth Road,
and PH = Potato Hill.
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The transect is 27 km in length and oriented at N21°E, the inferred direction of maximum convergence
(Figure 3). Cross-section B-B0 was designed to capture the structural relationships between Umtanum
Ridge and Selah Butte anticlines, is 20 km in length, and is parallel to A-A0 (Figure 3). Our structural
analyses and interpretations are guided by existing geologic mapping at 1:100k scale (Schuster, 1994;
Walsh, 1986), with bedding orientations supplemented from (Miller, 2014), existing structural cross
sections of Manastash Ridge anticline (Kelsey et al., 2017), stratigraphy from exploration borehole logs
(Czajkowski et al., 2012), and forward modeling of aeromagnetic and gravity data (Figures 3 and 9).

4.1. Structural Geology and Stratigraphy

We used the mapped structures and established stratigraphy of the Yakima folds as the primary geologic
data for constraining the magnitude of deformation and fault geometries at depth (Figure 3). The
Manastash Ridge and Umtanum Ridge anticlines are north-vergent fault-cored folds, in which the main
south-dipping reverse faults and associated backthrusts accommodate NE-SW-oriented shortening
(Figure 3). The Selah Butte anticline is a relatively short (~20 km long) structure mapped as south-vergent
and possibly related to the Umtanum Ridge anticline (Figure 3).

The majority of rock exposed within the YFP is the Miocene Columbia River Basalt Group. Over a broad scale
(hundreds of kilometers), the thicknesses of the CRBG flows can vary; however, thickness remains relatively
consistent at a more local scale (tens of kilometers) along our cross-section transects. Proximal boreholes pro-
vide insight into the underlying regional stratigraphy of the Yakima folds. Boreholes SB-1, YM 1-33, and BN 2-
35 penetrate through the Miocene CRBG and into the Eocene to Oligocene clastic and volcaniclastic strata,
which include the Wildcat Creek, Ohanapecosh, Roslyn, and Swauk Formations (Figure 10c; Czajkowski et al.,
2012). Borehole SB-1 is the only borehole to encounter granitic basement rock, possibly the Cretaceous
Mount Stuart Batholith, at depth (Wilson et al., 2008).

4.2. Potential Field Data

Gravity anomaly and high-resolution aeromagnetic data available for the study region further constrain the
geometry of structures and composition of the upper to middle crust in the Yakima Canyon region. The U.S.

Figure 9. (a) Residual magnetic anomalies from high-resolution aeromagnetic data overlain on a hillshade map of the
Yakima Canyon region. Fault traces are mapped in black, cross-section transects are plotted for reference. Magnetic
anomaly data are extracted from the cross-section transects and plotted in Figures 10a and 10e. (b) Isostatic residual gravity
anomaly data are overlain over an otherwise identical map as (a). Gravity anomaly data are extracted from the cross-section
transects and plotted in Figures 10b and 10f. MR = Manastash Ridge; UR = Umtanum Ridge; SB = Selah Butte.
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Geological Survey acquired two aeromagnetic surveys in 2008 and 2009. The International Geomagnetic
Reference Field, updated to the time of flight, was subtracted from original total field measurements to
produce the 100-m-resolution total field magnetic anomaly map in Figure 9a. In this map, the
wavelength and steepness of horizontal magnetic gradients is well correlated with Yakima fold structures
(Figure 9a), facilitated by the large variability in magnetic characteristics of the Columbia River Basalt
Group that regionally composes the upper several kilometers of the crust. The gravity database is
derived from various sources, including proprietary data from hydrocarbon exploration and published
data from Finn et al. (1991). The isostatic residual gravity anomaly map in Figure 9b was produced by
reducing gravity measurements using standard procedures (Blakely, 1995). Regional gravity anomaly
trends in central Washington show that strong positive anomalies overlie exposures of pre-Tertiary bed-
rock, such as the Mount Stuart Batholith and the Ingalls Tectonic Complex (Blakely et al., 2011;
Dragovich et al., 2002).

Figure 10. (a) Observed residual magnetic anomaly data extracted along A-A0 are shown in light blue. Forward-modeled magnetic anomalies are overlain in dark
blue. (b) Observed isostatic residual gravity anomaly data extracted along A-A0 are shown in light pink. Modeled gravity anomalies with basement topography
are shown as a solid dark pink line. The modeled gravity anomalies without basement topography (but the same upper crustal structure) are shown in the dotted
pink line. (c) Cross section of the upper 10 km across the Manastash and Umtanum Ridge anticlines along A-A0 . Dip ticks of structural measurements are plotted
above the cross section. The location of exploratory drill sites YM 1-33 and BN 2-35 are shown in their projected location along the transect. YM 1-33 is located within
the Yakima Canyon and was drilled below the surface along A-A0. BN 2-35 is located along Boyleston Ridge and was drilled above the surface along A-A0. (d) An
expanded view of the modeled basement topography required to fit measured gravity anomaly data in Figure 10b. The projected location of exploratory drill site SB-
1, located northeast of the A-A0 , is shown. Gray dashed faults in pre-Miocene strata and basement rocks are tentatively interpreted as structures that have little to no
post-Miocene movement. (e) Observed residual magnetic anomaly data extracted along B-B0 are shown in light blue. Forward-modeled magnetic anomalies are
overlain in dark blue. (f) Observed isostatic residual gravity anomaly data extracted along B-B0 are shown in light pink. Modeled gravity anomalies with basement
topography are shown as a solid dark pink line. (g) Cross section of the upper 10 km across the Umtanum Ridge and Selah Butte anticlines along B-B0 . Miocene
CRBG strata are line balanced, whereas older strata that exhibit a prior history of deformation are not balanced. Dip ticks of structural measurements are plotted
above the cross section and the location of exploratory drill site YM 1-33 is shown in its projected location along the transect. YM 1-33 is located within the Yakima
Canyon and was drilled below the surface along B-B0. MR = Manastash ridge; UR = Umtanum Ridge; SB = Selah Butte.
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We extracted gravity andmagnetic anomaly values along each transect
to assist in our construction of balanced cross sections. Forward model-
ing was completed by developing hypothetical crustal sections that
were fit by trial and error to the observed potential-field data and con-
strained by surface geologic information and borehole data (Figures 9
and 10). Gravity and magnetic data add strong constraints on viable
cross sections. For example, the upper basaltic crust is strongly mag-
netic and has layers of both normal and reverse magnetic polarity,
whereas underlying rocks are less magnetic (Blakely et al., 2011).
Thus, magnetic anomalies are particularly sensitive to upper crustal
structure of the Yakima folds. On the other hand, gravity anomalies
are strongly affected by density contrasts between basalt, sedimentary
strata, and basement rocks. Thus, gravity modeling results are sensitive
to changes in basement topography, as well as upper crustal structure.
For our models, we use magnetic and density parameters similar to
Blakely et al. (2011; Table 1).

4.3. Balanced Cross-Section Results

Forward modeling of the magnetic and gravity anomaly data show
excellent agreement with measured potential field data (Figures 10a,
10b, 10e, and 10f), with the exception of Yakima Canyon, where themag-

netic anomaly transect crosses a region of focused incision (Figure 10a). Over the Yakima Canyon, the pilot was
forced to fly higher above ground than elsewhere, resulting in smoother magnetic anomalies over the canyon.

The resulting balanced cross sections are shown in Figures 10c and 10g, and a wider cross section, which
shows the full width of modeled basement topography, is shown in Figure 10d. We find that significant base-
ment topography is required to match the measured gravity anomaly data (Figure 10b), similar to the find-
ings by Blakely et al. (2011). We also find that the Selah Butte anticline is formed from motion along the
same fault that soles beneath the Umtanum Ridge anticline, from which we infer that Selah Butte was caused
by a backthrust rooted in the Umtanum thrust fault (Figure 10g).

We retrodeformed cross-section A-A0 to find an original length of 30.4 km, which indicates that the Yakima
Canyon region has been shortened by ~3.5 km (11.5%) since themid-Miocene (Figures 10 and S4). Themajor-
ity of shortening has been accommodated along the Umtanum Ridge anticline and its underlying fault, which
together accommodate ~2.4-km shortening. The Manastash Ridge anticline and its associated reverse and
backthrust faults accommodate the remaining ~1.1-km shortening. The amount of reverse dip-slip displace-
ment accommodated in Miocene strata along the main thrust fault beneath Umtanum Ridge is ~2.42 km,
whereas the main fault beneath Manastash Ridge accommodates only ~0.57 km of reverse dip-slip displace-
ment inMiocene strata. Retrodeformation of post-midMiocene deformation (Figure S5) reveals that ~1.83 km
of reverse dip-slip displacement was accommodated along the Manastash Ridge prior to eruption of the
CRBG, indicating that this structure accommodated shortening between Eocene and Miocene time. In con-
trast, we do not find significant pre-Miocene shortening along themain thrust fault beneath Umtanum Ridge.

While post-Eocene deformation along cross-section A-A0 is characterized by shortening and reverse faulting,
the basement topography is suggestive of a prior history of normal faulting (Figure 10d). We therefore
interpret that the structures of the Yakima Canyon initiated as normal faults and have been reactivated as
reverse faults sometime between Eocene and Miocene time. After emplacement of the CRBG, the faults
propagated upsection.

The interpretation of reverse faults soling into inverted normal faults at depth is not a requirement of our
gravity modeling, but the interpretation is the most geologically consistent with independent tectonic inter-
pretations. Along what is now the western margin of the North Cascade mountains, and only 60–120 km to
the west and northwest of cross-section A-A0, Eocene clastic basin deposits and the northeast-trending
Teanaway dikes were emplaced within an overall transtensional environment (Doran, 2006; Eddy et al.,
2016; Evans, 1994; Evans & Johnson, 1989; Johnson, 1985; Mendoza, 2008; Miller et al., 2009; Tabor et al.,
1984). Because Eocene faults in the Yakima canyon area are proximal to the above transtensional setting, it
is reasonable to infer an extensional setting of the Eocene-age Yakima canyon faults as well.

Table 1
Magnetic and Density Parameters Used in Forward Models of Gravity and
Magnetic Anomalies

Unit

ρ χa MR
b Δρc

(g/cc) (emu/cc) (emu/cc) (g/cc)

Pliocene-Quaternary strata 2.47 0.0000 0.0000 �0.20
Pomona Member-SMB 2.67 0.0005 �0.0025 0.00
Priest Rapids Member-WB 2.67 0.0005 �0.0025 0.00
Roza Member-WB 2.67 0.0005 �0.0025 0.00
Frenchman Springs Member-WB 2.67 0.0005 0.0025 0.00
Grande Ronde N2 2.67 0.0005 0.0025 0.00
Grande Ronde R2 2.72 0.0005 �0.0040 0.05
Grande Ronde N1 2.77 0.0005 0.0025 0.10
Grande Ronde R1 2.78 0.0005 �0.0025 0.11
Oligocene volcaniclastic strata 2.52 0.0000 0.0000 �0.15
Eocene clastic strata 2.62 0.0000 0.0000 �0.05
Basement 2.87 0.0000 0.0000 0.20
Lower crust 2.92 0.0000 0.0000 0.25

Note. SMB = Saddle Mountains Basalt; WB = Wanapum Basalt.
aχ =magnetic susceptibility. bMR= remanentmagnetization. cΔρ=density
contrast relative to Bouguer reduction density (2.67 g/cc).
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Located 13 km to the east, cross-section B-B0 is restored to an original length of 21.6 km, suggesting only
1.6 km (7.6%) of shortening along this section of the Umtanum Ridge-Selah Butte fault system. At depth,
we find that the total amount of dip-slip displacement along cross-section B-B0 is 2.34 km. Above 1-km depth,
dip-slip displacement is distributed along one main thrust fault (~1.0 km) and three backthrust faults (collec-
tively 1.3 km). The total amount of shortening and dip-slip motion reconstructed along the faults that core
the Umtanum Ridge and Selah Butte anticlines from cross-section B-B0 is comparable to the 2.42 km recon-
structed along A-A0. The basement topography modeled in cross-section B-B0 is similar to that of A-A0 but
with basement highs shifted slightly to the south. This suggests that basement structures may have a gener-
ally NW-SE trend, as apparent in gravity anomaly data (Figure 9b).

4.4. Comparison of Cross Section and Stream Profile Results

Balanced cross sections and stream profile analyses provide independent estimates of vertical rock uplift along
individual structures in the Yakima Canyon. Stream profile results are a measure of rock uplift relative to the
Yakima River, so we must use the same base level in our comparison with cross-section results. The cumulative
relative rock uplift since ~6.3–6.4 Ma from stream profile inversion along the Manastash and Umtanum Ridges

is 0.40 ± 0.09 and 0.63 ± 0.11 km, respectively (Table 2). From cross-
section A-A0, we estimate maximum rock uplift along the Manastash
and Umtanum ridge anticlinal crests, with the Yakima River as base level,
at 0.50 and 0.66 km (Table 2). Along cross-section B-B0, it is difficult to dif-
ferentiate between rock uplift along the Selah Butte and Umtanum
Ridge anticlines because they sole into a common fault at depth. We
therefore only use the estimate of maximum relative rock uplift along
the main fault at 0.65 km (Table 2). The estimates of rock uplift from both
cross sections closely match results from stream profile inversion, indi-
cating that the stream profiles capture the majority of deformation
accommodated within the Yakima Canyon region.

5. Earthquake Hazard Assessment of The
Yakima Folds

We calculated the slip rates along the faults that core the Manastash
and Umtanum Ridge anticlines using simple trigonometric relation-
ships between the fault dip angle from our balanced cross sections
and relative rock uplift rates averaged over the past 100 kyr from
stream profile inversion results (Table 2). We used the new slip rate esti-
mates and fault geometries for the faults that core the Manastash and
Umtanum Ridge anticlines to calculate the time required to accumulate
sufficient strain energy along faults for seismic rupture. The equations
used to calculate earthquake interevent times, which are a transforma-
tion of the definition of seismic moment, are identical to the methods
described in Staisch et al. (2017).

Our calculations show that earthquakes of moderate magnitude,
between M5 and M6.5, could recur on annual to centennial timescales;

Figure 11. Estimates of the time required to accumulate sufficient strain energy
along the faults that core the Umtanum Ridge, Manastash Ridge, and Saddle
Mountains for earthquakes of given magnitude. The interevent timescale for
earthquakes along the Saddle Mountains are given for the post-6.8 Ma slip rate
(Staisch et al., 2017) and are lower than the Manastash or Umtanum Ridge faults.
However, the results for the Saddle Mountains given a higher paleoseismic slip
rate (West et al., 1996) are nearly identical to curves produced for the Manastash
Ridge. Inset plot shows results for earthquake magnitudes between M5 and M6.5
on a logarithmic scale to emphasize the short-time interval required.

Table 2
Results of the Rate and Magnitude of Deformation From Stream Profile Inversion and Cross-Section Analyses

Structure

Stream profile inversion Cross section

Slip rateUplift ratea Cumulative uplift Shortening Upliftb Fault dip

(mm/year) (km) (km) (km) (°) (mm/year)

Manastash 0.15 ± 0.06 0.40 ± 0.09 1.10 0.50 24.3 0.35 ± 0.14
Umtanum (A-A0) 0.17 ± 0.09 0.63 ± 0.11 2.40 0.66 15.5 0.64 ± 0.34
Umtanum (B-B0) 0.17 ± 0.09 0.63 ± 0.11 1.64 0.65 20.1 0.50 ± 0.26

aValues extracted stream profile results, averaged over the last 250 kyr and reduced by 0.01 mm/year to account for fluvial incision. bUplift calculated from the
Yakima River to be consistent with stream profile inversion base level.
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earthquakes of large magnitude (M7–M7.5) could recur on 102–104 timescales (Figure 11; Table 3). The fault
beneath Umtanum Ridge is most concerning because of its length and higher slip rate. It has the possibility of
producing large magnitude earthquakes as often as every ~200 years. The interevent times reported here
(Figure 11; Table 3) are directly comparable to the interevent times for a neighboring Yakima fold
structure, the Saddle Mountains fault (Staisch et al., 2017). Our interpretations of these results as a proxy
for earthquake recurrence interval rest on several important assumptions. First, we assume that all strain
energy accumulated on the entire fault plane is released during an earthquake (i.e., no aseismic strain
release). Second, we assume that all of the strain accumulated is released during an earthquake.

6. Discussion
6.1. Summary of the Tectonic History of the Yakima Canyon

Together, geologic, geomorphic, and geophysical data allow us to reconstruct the structural and topographic
history of the Manastash Ridge, Umtanum Ridge, and Selah Butte anticlines of the Yakima Fold Province. The
faults that core these anticlinal ridges have a long history of deformation, originating as normal faults that
offset dense basement rocks (Figure 10d). The onset of normal fault motion is not well constrained; however,
interpretation of Eocene clastic strata and basaltic dikes suggest that extension transtension was ongoing in
Eocene time (Doran, 2006; Eddy et al., 2016; Evans & Johnson, 1989; Evans, 1994; Johnson, 1985; Mendoza,
2008; Miller et al., 2009; Tabor et al., 1984). Both Oligocene and Eocene clastic and volcaniclastic strata are off-
set by reverse motion (Figure 10d), indicating that normal faults were inverted either during or after the
Oligocene. Themajor erosional unconformity between the CRBG and pre-Miocene strata (Figure S5) suggests
a lull in deformation that we posit to occur after deposition and initial shortening of Oligocene strata and con-
tinued at least up to the time of initial emplacement of the CRBG, similar to the tectonic history inferred for
the neighboring Saddle Mountains anticline (Casale & Pratt, 2015).

Structural offset along the faults that core the Manastash and Umtanum Ridges may have occurred during
mid-Miocene eruption of the CRBG (Reidel et al., 1989); however, deformation was not sufficient to divert
the course of the Miocene ancestral Yakima River (Smith, 1988b). Furthermore, our data indicate that the
majority of structural deformation and topographic growth along the Yakima Canyon anticlines took place
after ~6.3–6.4 Ma during the waning stages of CRBG volcanism (Barry et al., 2013; Reidel et al., 2013). Our
stream profile inversion results suggest that relative rock uplift of the Yakima folds was fairly slow and steady
until late Miocene-early Pleistocene time. Tectonic uplift of both the Umtanum and Manastash Ridge anticli-
nes accelerated ~2.0–1.5 Ma, with increased rates of rock uplift sustained to the present.

We also investigated the possibility that the post-16 Ma growth of the north-trending Hog Ranch-Naneum
anticline (Kelsey et al., 2017), the fold hinge of which trends through the east end of the profiled streams
(Figure 4a), affected the profile inversion results. In a comparison of streams east of the Yakima River and west
of the Yakima River, we did not see a notable difference in relative rock uplift rate history derived from inver-
sion results. The lack of a difference is not necessarily indicative of inactivity of the Hog Ranch-Naneum anti-
cline but rather that base level drop of Yakima River relative to the profiled streams is more directly affected
by contraction along the three investigated Yakima folds.

6.2. Pliocene Tectonic Mechanisms to Induce Accelerated Backarc Deformation Rates

While we find an increase in the rate of deformation within the Yakima Canyon region, it remains unclear
whether deformation rates increased throughout the YFP. Recent analysis of the Miocene-Pliocene Ringold

Table 3
Parameters and Results for Estimating Earthquake Interevent Times

Structure

Parameters Results

Slip rate (s) Fault length (L) Seismic depth (z) Fault dip (δ) M7.0 recurrence M7.5 recurrence

(mm/year) (km) (km) (°) (years) (years)

Manastash fault 0.21–0.49 81 18.5 24.3 591–1,378 3,322–7,752
Umtanum fault (A-A0) 0.30–0.98 119 18.5 15.5 131–427 734–2,398
Umtanum fault (B-B0) 0.24–0.76 119 18.5 20.1 217–686 1,218–3,855
Saddle Mountains fault (post-Miocene) 0.15–0.23 116 18.5 37.0 1,291–1,971 7,260–11,082
Saddle Mountains fault (Quaternary) 0.33–0.65 116 18.5 37.0 455–896 2,557–5,037
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Formation suggests that relative rock uplift rates along the Saddle Mountains anticline increased five-fold
since late Miocene time (Staisch et al., 2017). However, long-term rotation rates from paleomagnetic data
and geodetic rotations rates indicate that deformation has remained fairly consistent since 16 Ma (Wells
et al., 1998; Wells & McCaffrey, 2013). The somewhat contradictory data lead us to ask whether any event
occurred in late Miocene to Pliocene time that could potentially affect shortening rates in the Cascadia
backarc.

Assuming north-south shortening rates did increase regionally in late Miocene-Pliocene time, the increase
may relate to changes along the Cascadia convergent plate margin. An acceleration in shortening in the over-
riding plate could result from an increase in the rate of convergence between stable North America and the
subducting Juan de Fuca Plate, an increase in the obliquity of convergence or an increase in slip partitioning
resolved along the subducting slab (McCaffrey, 1992, 2002). As the Juan de Fuca Plate is consumed beneath
the North American Plate, the actively subducting oceanic crust becomes younger, more thermally buoyant,

Figure 12. Block diagrams of the Cascadia subduction zone. (a) Diagram shows the location of the Garibaldi volcanic belt,
where volcanic compositions are suggestive of a northward increase in the component of primitive asthenospheric melt
source. (b) Diagram with the upper plate stripped to show how a slab tear between the Explorer and Juan de Fuca
Plates may induce toroidal flow (large pink arrow) that inhibits the northward component of oblique subduction resolved
along the Juan de Fuca-North America Plate interface. Relative plate and crustal block velocities are shown in white.

JDFVNAM = Juan de Fuca velocity relative to North America; JDFVFB = Juan de Fuca velocity relative to the forearc-backarc
crustal block; FBVNAM = forearc-backarc crustal block velocity relative to North America.
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and more likely to resist subduction. We therefore suggest that an acceleration in plate convergence is
improbable, but rather a deceleration of convergence is expected (Riddihough, 1984).

According to instantaneous rotational poles calculated from seafloor magnetic anomalies, the Pliocene was a
time of change for the Juan de Fuca Plate system. Between 3 and 4 Ma, the Explorer Plate began to subduct
independently from the Juan de Fuca Plate, initiating a slab tear along the proposed Nootka fault (Audet
et al., 2008; Hyndman et al., 1979; Riddihough, 1984; Rohr & Furlong, 1995). Geochemical data from the
Garibaldi Volcanic Belt support the existence of a slab tear between the buoyant Explorer Plate and more
steeply subducting Juan de Fuca Plate, where trace element compositions are suggestive of a northward
increase in the contribution of a primitive asthenospheric melt source (Mullen & Weis, 2015).

The detachment of the buoyant northern Explorer Plate changed the orientation of Juan de Fuca Plate sub-
duction between 3 and 4 Ma, which later stabilized after about 2.4 Ma (Nishimura et al., 1984). The change in
orientation may have modified the stresses accommodated along the subduction margin and/or in the over-
riding crustal blocks. Additionally, the induced toroidal flow in the mantle around the edge of the Pliocene
slab tear, resolved as trench parallel southward flow across the Juan de Fuca slab, may inhibit the northward
component of oblique subduction accommodated along the subduction interface (Figure 12). The suppres-
sion of trench parallel convergence would therefore increase the strain partitioning along the Juan de Fuca
Plate margin and transfer trench-parallel strain into the overriding crustal blocks (McCaffrey, 1992, 2002).
Indeed, analysis of shear wave splitting indicates that trench-normal stresses are only dominant in the over-
riding plate near the locked portion of the Cascadia subduction zone, with the majority of the forearc exhibit-
ing a trench-parallel maximum compressional direction (Currie et al., 2001). Whether toroidal flow was
induced directly after the Explorer Plate detached from the Juan de Fuca Plate or initiated later in time is
unclear. However, both the change in orientation of subduction and the onset of southward asthenospheric
flow across the subducting Juan de Fuca slab provide possible mechanisms for Pleistocene acceleration of
north-south shortening in the backarc of the Cascadia subduction zone.

7. Conclusions

In this work, we show that the analyses of geomorphic, geologic, and geophysical data sets provide indepen-
dent and complementary estimates of deformation in the Yakima Canyon region of the YFP. We find that
crustal shortening accommodated after ~6.3–6.4 Ma generated the majority of the constructional topogra-
phy along the Manastash Ridge, Umtanum Ridge, and Selah Butte anticlines. The long-term deformation
along structures within the YFP penetrates to depths of 10 km or greater and is not limited to Neogene time.
We interpret modeled potential field data and balanced cross-section results to suggest that extension was
accommodated along faults that penetrate basement rock until Eocene time. Faults were later inverted to
accommodate crustal shortening at some time prior to eruption of the CRBG.

From stream profile inversion, we find that the rate of deformation along the Yakima folds has varied over
time. Stream profile results show a notable acceleration in deformation in Pleistocene time. Deformation
rates have remained elevated since the Pleistocene, with near-modern slip rates estimated at 0.4 and
0.6 mm/year along the faults underlying the Manastash and Umtanum Ridge anticlines, respectively. We sug-
gest that the Pliocene slab tear between the Juan de Fuca and Explorer Plates, considered to induce toroidal
flow and southward migration of asthenospheric material across the Juan de Fuca slab (Figure 12), may have
suppressed the northward component of oblique subduction resolved along the Cascadia subduction zone
interface, thus transferring the northward component of strain into the upper plate and providing a plausible
mechanism for the increase in north-south shortening within the backarc.

Finally, from seismic hazard assessment, we find that the interevent time between large-magnitude earth-
quakes (M7–7.5), calculated from new slip rate and fault geometry estimates, ranges between 200 and
6,000 years. The relatively fast slip rate and long length of the Umtanum Ridge anticline makes it one of
the most potentially hazardous fault analyzed in the YFP.
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