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ARTICLE INFO ABSTRACT

Keywords: Foreland deformation has long been associated with flat-slab subduction, but the precise mechanism linking
Basal shear these two processes remains unclear. One example of foreland deformation corresponding in space and time to
Flat slab flat subduction is the Fitzcarrald Arch, a broad NE-SW trending topographically high feature covering an area
Andes . . of > 4 x 10° km? in the Peruvian Andean foreland. Recent imaging of the southern segment of Peruvian flat slab
E:;S;zll);:zkemng shows that the shallowest part of the slab, which corresponds to the subducted Nazca Ridge northeast of the

present intersection of the ridge and the Peruvian trench, extends up to and partly under the southwestern edge
of the arch. Here, we evaluate models for the formation of this foreland arch and find that a basal-shear model is
most consistent with observations. We calculate that ~5km of lower crustal thickening would be sufficient to
generate the arch's uplift since the late Miocene. This magnitude is consistent with prior observations of unu-
sually thickened crust in the Andes immediately south of the subducted ridge that may also have been induced
by flat subduction. This suggests that the Fitzcarrald Arch's formation by the Nazca Ridge may be one of the
clearest examples of upper plate deformation induced through basal shear observed in a flat-slab subduction
setting. We then explore the more general implications of our results for understanding deformation above flat

Fitzcarrald Arch

slabs in the geologic past.

1. Introduction

The link between flat-slab subduction and the associated overriding
plate's response has been the focus of many studies of both modern and
ancient flat slabs (e.g. Ramos and Folguera, 2009; Sébrier et al., 1988;
Yonkee and Weil, 2015). Many models of flat-slab subduction (e.g.
Dickinson and Snyder, 1978; Humphreys et al., 2015; Noury et al.,
2017) have assumed that, inboard of the forearc, the top of sub-hor-
izontal slabs remained at a depth of ~100 km to 200 km along the base
of the overriding plate's lithosphere before re-steepening to descend
into the deeper mantle. While this configuration could transmit com-
pressive stress to the overriding plate and cause faulting in the crust of
the backarc or foreland (e.g. Dickinson and Snyder, 1978; Sébrier et al.,
1988; Yonkee and Weil, 2015; though see Margirier et al., 2017 for a
complicating view), these models did not call for the slab to directly
modify the mid-to-lower continental crust inboard of the forearc. In the
context of modern flat-slab occurrences, these models are consistent
with observations of the slab's spatial relationship to the broken
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foreland (i.e. basement cored uplifts) associated with the Chilean-Ar-
gentine Sierras Pampeanas flat slab (e.g. Jordan and Allmendinger,
1986; Ammirati et al., 2015). However, observations of the Peruvian
flat slab (e.g. Bishop et al., 2017) and Argentina Precordillera (the
western portion of the Pampean flat-slab region, Allmendinger and
Judge, 2014), suggest that these models do not provide an adequate
explanation for all examples of upper plate deformation associated with
flat-slab subduction.

The southern segment of the Peruvian flat slab extends horizontally
for ~500 km northeast and inboard from the trench (Antonijevic et al.,
2015; Barazangi and Isacks, 1976; Gutscher et al., 1999; Gutscher et al.,
2000; Scire et al., 2016), with the shallowest portion directly in line
with the projected location of the 200 km wide subducted Nazca Ridge.
The oceanic Moho of the subducted slab, as determined by receiver
functions, lies at < 80 km depth. The overriding continental Moho lies
at ~50-55 km depth (Bishop et al., 2017). Given that the oceanic crust
of the Nazca Ridge offshore is ~18 km thick (Hampel et al., 2004;
Woods and Okal, 1994), this suggests that the continental mantle
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Fig. 1. A: Tectonic setting of the Fitzcarrald Arch. Globe hemisphere inset marks study area. Blue line is boundary of uplifted Miocene to Pleistocene units associated with the arch (from
Espurt et al., 2010). White line is inboard boundary of Andean faulting (modified from Hermoza et al., 2006; Gautheron et al., 2013; McQuarrie et al., 2008). Orange line is 80 km depth
contour of subducted Nazca oceanic crustal Moho (from Bishop et al., 2017). Red line is 90 km depth contour for subducted Nazca plate based on surface-wave tomographic anomaly
(Antonijevic et al., 2015). Green line is the outline of the unsubducted segment of the Nazca Ridge (from Hampel, 2002). Purple line 1-1” marks location of geophysical cross-section in
Fig. 2 and was selected because it is coincident with the densest line of seismic stations. The 5 to 0 Ma average convergence of 8.5 cm/yr between South American and Nazca Plates (black
arrows) is from Somoza and Ghidella (2012). Topography from Global Multi-Resolution Topography (GMRT) v.3.2 (Ryan et al., 2009). B: Topographic and geologic expression of
Fitzcarrald Arch. Light blue to dark blue lines are uplifted and exposed Pliocene (light blue) to mid-Miocene (dark blue) sedimentary units (from Espurt et al., 2010). Line 2-2’ show
location of topographic profile in Figs. 3 and 4, lines with black dots parallel to 2-2” mark swath used to obtain averaged topography in Figs. 3 and 4. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)

lithosphere, and possibly portions of the lower continental crust, have
been removed or displaced by this segment of the Peruvian flat slab
(Bishop et al., 2017). The ongoing deformation of the overriding plate
associated with the southern portion of the Peruvian flat slab near the
subducted Nazca Ridge represents an analogue for similar flat slab
processes whose records of deformation have been preserved in the
geologic record. One example of this comes from the recent discovery of
forearc-derived schists originally emplaced at mid-to-lower crustal
depths during the North American Cretaceous-Paleogene Laramide flat
slab in western Arizona (Haxel et al., 2015). These schists have been
interpreted as the top of the Laramide subduction interface (Haxel
et al., 2015). This requires the complete removal of the lower con-
tinental crust several hundred kilometers inboard of the Cretaceous-
Paleogene trench. In both locations, this lower crustal deformation re-
quires significant lateral displacement of lithospheric mantle and mid-
to-lower crust.

In this study, we investigate the Peruvian foreland where a broad
uplift, the Fitzcarrald Arch, is present (Fig. 1). The Fitzcarrald Arch is a
broad, dome-like uplift ENE of the Andean deformation front within the
Amazonia foreland that lies above and inboard of the flat slab, in line
with the projection of the subducted Nazca Ridge (Espurt et al., 2007a).
The uplift of the Fitzcarrald Arch has been ongoing over the last
~4 Myrs, contemporaneous with subduction of the Nazca Ridge and
formation of the flat slab in this part of Peru (Espurt et al., 2007a). We
evaluate existing explanations for the formation of the Fitzcarrald Arch
(i.e. Espurt et al., 2007a; Regard et al., 2009; Davila and Lithgow-
Bertelloni, 2015) that principally focus on dynamic and isostatic effects
associated with a buoyant subducted Nazca Ridge. Based on new
seismic constraints on the geometry of the flat slab, we also consider
two additional possible mechanisms for the arch's formation: 1) uplift
due to serpentinization and 2) uplift caused by basal shear and crustal
thickening. We calculate the extent of rock uplift (including eroded
material) represented by the arch and use this to constrain the most
likely mechanism for the formation of the Fitzcarrald Arch.
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1.1. Geologic background

The Fitzcarrald Arch has a maximum elevation ~500 m above the
surrounding basins and covers an area of ~4 X 10°km? The initiation
of the Fitzcarrald Arch's uplift is consistent with onset of flat-slab sub-
duction in the region (Espurt et al., 2010; Hampel, 2002). The Ama-
zonia foreland inboard of the Peruvian flat slab may be divided into two
segments based on deformation style (Fig. 1A). North of ~11.5°S, the
eastern extent of Andean thrusting shifts eastward from the thin-
skinned Subandes (Gautheron et al., 2013) to incorporate reactivated
Paleozoic faults as far east as the Acre Basin (e.g. Hermoza et al., 2006).
The Fitzcarrald Arch lies east of these faults and is characterized by
little to no Cenozoic surface faulting (Espurt et al., 2007a; Gautheron
et al., 2013) despite the uplift and erosion of Miocene tidal deltaic and
estuarine deposits (Espurt et al., 2010; see Fig. 1B for locations of se-
dimentary units).

Early interpretations of the arch as the product of propagation of
Subandean folding and faulting (Dumont et al., 1991) or reactivation of
Paleozoic or earlier structures (Jacques, 2003) are inconsistent with the
truncation of basement faults by a Cretaceous erosional unconformity
and the lack of significant faulting in Cenozoic strata as interpreted
from seismic reflection and well data (Espurt et al., 2007a, 2010). The
interpretation of the arch as an alluvial megafan (Picard et al., 2008) is
inconsistent with the observed pattern of drainage networks on the
arch, the uplifted Mesozoic strata approximately paralleling the arch's
topography, and the arch's comparatively high characteristic slope
(Regard et al., 2009). These observations are, however, consistent with
the interpretation of the arch as a Pliocene to present crustal upwarp
resulting from the subduction of the Nazca Ridge (Espurt et al., 2007a,
2010). The aseismic Nazca Ridge comprises ~18 km thick oceanic crust
that has been subducting along the Peruvian Trench for at least
~11Myrs (Hampel, 2002; Hampel et al., 2004) and possibly for
~15 Myrs (Rosenbaum et al., 2005). The subduction of the Nazca Ridge
is a contributing factor to flat subduction, which has resulted in the
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termination of the overlying volcanic arc since ~3-4 Ma (Rosenbaum
et al., 2005). According to Espurt et al. (2010), the arch developed after
a switch in the foreland basin from Miocene (~9 Ma) tidally influenced
to Pliocene (~3Ma) fluvial conditions. The resulting uplift led to
~700 m of Miocene deposits being removed from the eastern side of the
arch (Espurt et al., 2010) and 400 m to 500 m of surface uplift relative
to the surrounding foreland basin (Espurt et al., 2007a). The timing and
southeastward propagation of the arch's growth is consistent with the
predicted arrival of the subducted Nazca Ridge and onset of the asso-
ciated flat slab subduction in the region (Antonijevic et al., 2015; Espurt
et al., 2010; Hampel, 2002).

While studies using global teleseismic earthquake locations have
previously identified the rough geometry of the Peruvian flat slab (e.g.
Barazangi and Isacks, 1976; Gutscher et al., 1999; Gutscher et al., 2000)
the recent temporary deployment of seismic arrays containing > 140
broadband seismic stations in southern Peru have provided the op-
portunity to develop a much more detailed understanding of the slab's
geometry between ~10.5°S and ~17°S, directly over and adjacent to
the location of the subducting Nazca Ridge. Receiver function and to-
mographic studies (Antonijevic et al., 2015; Bishop et al., 2017; Scire
et al., 2016) utilizing these deployments have shown that the sub-
ducting Nazca oceanic plate remains nearly flat at a depth of < 80 km
along the inboard projection of the Nazca Ridge before plunging at a
high angle (~70°) into the mantle. While there is still some uncertainty
on the exact location where the slab starts to re-subduct, these new
results suggest that the northeastern most extent of the flat slab asso-
ciated with the subducted ridge may extend partly under the south-
western edge of the Fitzcarrald Arch (Fig. 1A, B).

2. Proposed mechanisms for the formation of the Fitzcarrald Arch

The spatial correspondence between the unsubducted Nazca Ridge,
the shallow portion of the flat slab, and the Fitzcarrald Arch is readily
evident (see Fig. 1A). However the mechanisms responsible for the
arch's uplift are still debated. Limited Cenozoic faulting on the arch, its
large spatial half-wavelength (> 500km), and its low amplitude in-
dicate involvement of the entire crust or lithosphere (Espurt et al.,
2007a, 2007b). Three mechanisms for arch uplift have been proposed:
(1) dynamic subsidence of the surrounding basins (Espurt et al., 2007a);
(2) dynamically and isostatically induced uplift due to the buoyant
oceanic crust of the subducted Nazca Ridge (Davila and Lithgow-
Bertelloni, 2015); and (3) a combination of subducted ridge buoyancy
and plate coupling (Regard et al., 2009). We consider each of these
models in light of new seismic constraints on the geometry of the flat
slab, and then discuss additional possible mechanisms for the arch's
formation.

The first model links the deep geometry of the subducted slab to the
deformation observed at the surface through dynamic topography.
Espurt et al. (2007a) propose that the uplift of the Fitzcarrald Arch is
due in part to the dynamic subsidence of its surrounding basins. This
mechanism follows the numerical model of Pysklywec and Mitrovica
(2000) that found that stagnation of a subducting slab at the base of the
mantle transition zone at 660 km depth could produce areas of isolated
dynamic uplift within a larger region of dynamic subsidence. However,
recent teleseismic tomography (Scire et al., 2017; see Fig. 2) finds that
the subducting plate beneath the Central Andes penetrates through the
mantle transition zone to at least 900 km depth, indicating this model is
not applicable to the Fitzcarrald Arch.

The second model (e.g. Espurt et al., 2007a; Ddavila and Lithgow-
Bertelloni, 2015) suggests that the Fitzcarrald Arch may have devel-
oped due to neutral or positive buoyancy of the flat slab associated with
the subducted Nazca Ridge even though much of the arch lies northeast
of the flat slab and the slab descends steeply into the mantle towards
the arch's southwestern edge (Fig. 2A). Ddvila and Lithgow-Bertelloni
(2015) propose a dynamic topography model for the entire South
American margin that also incorporates the potential isostatic effects of
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lithospheric density variations in the slab and overriding plate. In their
model the crust of the subducted Nazca Ridge remains un-eclogitized,
and thus positively buoyant, despite being subjected to eclogite-facies
pressure and temperature conditions (metastable). The additional
buoyancy from the thick un-eclogitized crust of the Nazca Ridge pro-
duces localized uplift that they suggest can explain the uplift of the
Fitzcarrald Arch.

The existence of metastable subducted oceanic crust has been pro-
posed as an important contributing (if not sufficient) factor in the for-
mation of flat subduction (e.g. Arrial and Billen, 2013; Van Hunen
et al., 2002). Other numerical models (e.g. Currie and Beaumont, 2011;
Manea et al., 2012) indicate that factors including overthrusting of the
upper plate and mantle wedge suction forces are capable of inducing
flat subduction even in eclogitized slabs, suggesting that un-eclogitized
crust is not a necessary component of flat slab subduction. Receiver
function analysis indicates that the subducted Nazca Ridge crust be-
comes significantly eclogitized < 400km from the Peruvian Trench
(Bishop et al., 2017; see Fig. 2), ~300 km west of the arch. This suggests
that alternative sources of buoyancy may support the eastern extent of
the flat slab. A low velocity body beneath the subducted Nazca Ridge
imaged in teleseismic (Scire et al., 2016) and surface-wave (Antonijevic
et al., 2015; Antonijevic et al., 2016) tomography has been suggested to
provide additional support for the flat slab (Antonijevic et al., 2016).
The ability of this low velocity body to support the inboard extent of the
flat slab, much less the uplift of the overriding portions of the Fitzcar-
rald Arch or the arch's northeast extension, is poorly constrained
without more detailed geodynamic modeling of the newly determined
slab geometry. However, given that most models of flat slab subduction
suggest subsidence is more likely than uplift (e.g. Eakin et al., 2014a),
we currently consider this model less likely than those discussed below
to be responsible for the arch's uplift.

The third model relates the uplift of the arch to purely isostatic
forces. These isostatic mechanisms of arch uplift invoke a decrease in
the average density of the overriding lithosphere (e.g. due to the partial
serpentinization of the overriding lithospheric mantle or due to the
thickening of the middle to lower continental crust resulting from basal
shear). Similar mechanisms have been suggested to explain deforma-
tion associated with Laramide flat-slab subduction and the deformation
associated with Pampean flat-slab subduction.

Density decrease and volume increase due to hydration-induced
serpentinization of lithospheric mantle during flat subduction has been
invoked as a mechanism for weakening the lithosphere of western
North America and uplifting the Colorado Plateau during Laramide flat
subduction (e.g. Schulze et al., 2015). Similarly, for the Pampean flat
slab, a low shear-wave velocity region in the mantle above the Sierras
Pampeanas flat slab may indicate a similar hydration event, although
no surface uplift has been linked to this process (Porter et al., 2012).
The role of such serpentinization on the uplift of the Fitzcarrald Arch
has not previously be investigated in the literature in detail. We in-
vestigate these effects (Section 4.1) and discuss the applicability of this
mechanism to this particular tectonic setting.

The creation of topography through localized basement cored
thrusting of the overriding plate's crust due to increased plate coupling
above a flat slab has been proposed as a mechanism to explain foreland
deformation in the Sierras Pampeanas above the present Chile-
Argentinian flat slab (e.g. Jordan and Allmendinger, 1986) and in
Laramide structures above the proposed Cretaceous to mid-Cenozoic
Farallon flat slab beneath parts of western North America (e.g.
Dickinson and Snyder, 1978). In both locations, interplate coupling has
been used to explain the formation of basement cored uplifts—-
structures which are characterized by faults that place basement rock
on younger sedimentary units with spatial wavelengths of 100s of
meters to 10s of kilometers (e.g. compilation in Bump, 2003).

Recent seismic observations of the southern margin of the Peruvian
flat slab associated with the subducting Nazca Ridge indicate that the
overriding and subducting plates are coupled in this location to a
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Fig. 2. Geophysical cross-section through segment of flat slab
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mographic results (modified from Scire et al., 2017), surface

Steep Slab
&

Fitzcarrald Arch

(shear) wave tomography results (replotted from Antonijevic
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and Bishop et al. (2017) (purple and white fill respectively). Blue
line in receiver function results marks the Bishop et al.'s (2017)
continental Moho while the magenta line marks the subducted
slab oceanic Moho (dashed where inferred). The near vertical
high-velocity feature near 70°W marks the steeply dipping slab
2 immediately inboard of the area of flat subduction (Scire et al.,
0 2017). This high velocity feature penetrates into the lower
mantle (> 660 km depth) without flattening at the base of the
mantle transition zone. The slab hinge marking the transition
-4 from flat to steep subduction occurs near the present eastern
edge of Andean faulting, indicating the slab cannot provide di-
rect support to the entire Fitzcarrald Arch. B: Receiver function
results scaled to surface wave tomography results. Rapid de-
crease in slab Moho amplitude indicates a decrease in the velo-
city contrast between the subducted slab crust and underlying
slab mantle, consistent with the onset of significant eclogitiza-

tion > 300 km from the Fitzcarrald Arch (Bishop et al., 2017). A
weak slab Moho arrival continues to the location of the slab
hinge as inferred from the tomography results before becoming
indistinguishable from other arrivals. The similar geometries of
the continental and slab Mohos and < 20km separation be-
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degree that appears to exceed the hypothesized general increase in
plate coupling associated with the whole of the Peruvian flat slab (e.g.
Gutscher et al., 2000; Martinod et al., 2010). The localization of cou-
pling above the subducted Nazca Ridge is also consistent with models
that call for changes in the location and degree of coupling above the
Peruvian flat slab through time (e.g. Margirier et al., 2017). Around the
subducted ridge, the slab's oceanic Moho and the overriding continental
Moho in the region within the Andes west of the arch appear to parallel
each other with a separation of < 20 km (Bishop et al., 2017; Ma and
Clayton, 2015), implying strong mechanical coupling. This observation
is consistent with Regard et al. (2009) who suggest that increased plate
coupling above the subducted Nazca Ridge may have helped to form
the Fitzcarrald Arch. However, we note that crustal thickening related
to the arch must occur on a spatial scale more than an order of mag-
nitude broader than the thickening documented in the basement cored
uplifts of other settings and without any associated faulting of the upper
crust. This suggests that the surface and upper crustal expression of
crustal thickening may be significantly influenced by characteristics of
the overriding plate (e.g. alignment of pre-existing faults (Gautheron
et al., 2013; Eude et al., 2015)). Given the difference between the ob-
served uplift above the southern part of the Peruvian flat slab and those
seen above other flat slabs, we investigate the possible effects of basal-
shear-induced crustal thickening on the uplift of the Fitzcarrald Arch

Sub-Slab

Low Velocity Body
(Buoyant Material?)
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(Section 4.2) in order to better understand the relationship between this
surface uplift and the recently improved constraints on the underlying
flat slab's geometry.

3. Methods for quantifying arch uplift

Before we can investigate new models for the formation of the
Fitzcarrald Arch, we must first quantify the amount and location of rock
uplift experienced by the arch. The present topography of the
Fitzcarrald Arch does not represent the full uplift of the arch; a sig-
nificant amount (~1 km) of sedimentary rock has been eroded from the
northwest portion of the arch (Espurt et al., 2007a; see Fig. 1). This
material must be accounted for when calculating rock uplift. In estab-
lishing the timing of the uplift of the Fitzcarrald Arch, Espurt et al.
(2007a, 2010) identified a set of unit contacts that may be used as an
initial set of benchmarks to constrain the magnitude of the arch's uplift.
We build on these benchmarks to calculate the geometry of the arch's
rock uplift relative to the surrounding basins (Section 3.1).

In conjunction with existing lithospheric plate parameters calcu-
lated for the region, the geometry of rock uplift allows us to evaluate
the mechanism for arch formation. We describe how we quantify the
amount of uplift that might be expected from mantle serpentinization
(Section 3.2.1) or crustal thickening due to basal shear (Section 3.2.2).
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Fig. 3. Comparison of alternate Gaussian models used to approximate the uplifted
Miocene surface associated with the development of the Fitzcarrald Arch. Vertical lines
mark calculated elevation of contact uncorrected for isostatic unloading (dashed black
lines) and corrected for isostatic unloading (solid red and orange lines). This correction
accounts for the isostatic rebound associated with erosion of overlying sediments on the
northern side of the arch. Star marks contact of Miocene and Pliocene units along profile
Line 2-2’ from Fig. 1B, with pink box marking contact exposures within a swath ex-
tending + 40 km from the profile. Black line is average topography for Line 2-2’, cal-
culated from the same swath. Light gray shading marks maximum and minimum values
within swath. Dark gray shading marks area affected by significant post-Miocene faulting,
which is not accounted for in our modeled uplift. A: Comparison of differing half-width
(used to derive ¢ parameter) values: orange line = 220 km, blue line = 210 km, red line
(preferred value) = 200km, green line = 190 km, black = 180 km. B: Comparison of
differing maximum uplift (a parameter) values: orange line = 860 m of uplift, purple
line = 810 m of uplift, blue line = 785 m of uplift, red line (preferred value) = 760 m of
uplift, yellow line = 735 m of uplift, green line = 710 m of uplift, black line = 660 m of
uplift. See text for discussion. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

We then discuss the results of these model calculations in Sections 4.1
and 4.2 respectively.

3.1. Gaussian approximation of rock uplift

Topographic uplift and associated erosion rapidly increase and then
gradually decrease from northwest to southeast across the Fitzcarrald
Arch (Espurt et al., 2010). The northwestern portion of the arch may
have been obscured by earlier episodes of faulting and by post-Miocene
erosion and deposition associated with the major Ucayali River system
(Fig. 1). Because of this, we choose to model the arch's uplift along and
parallel to the Andean mountain front as a 2-D Gaussian curve centered
on the area of deepest structural exposure (Fig. 3). This profile has the
advantage of lying in a swath where the most structural constraints are
available, including a seismic reflection profile and two boreholes
(Espurt et al., 2007a). In addition, the range parallel orientation re-
moves the necessity of modeling the flexural subsidence effects of the
mountain load. A Gaussian curve allows us to easily accommodate and
characterize to a first-order the observed fall-off in rock uplift from
northwest to southeast. While the volume of the arch could potentially
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be modeled as a 3-D volume described by the rotation of a Gaussian
curve, with a potentially varying inboard extent, the lack of published
Miocene formation thicknesses in the eastern part of the arch prevents
us from investigating this possibility. A 2-D Gaussian curve is defined
by:

f(x) = asexp(—(x — b)?/(2%c)?). (@))

The constant a is the highest value of the Gaussian's peak, b is the
position of the peak relative to the origin of a Cartesian x-y grid, and c is
the standard deviation of the Gaussian which controls the curve's width.
As b is an arbitrary offset, Eq. (1) requires us to determine only para-
meters a and ¢ to model the arch.

To determine parameters a and ¢ we begin by examining the amount
of uplift that has occurred in the Fitzcarrald Arch. In addition to the
current topography, the uplift of the arch also includes a significant
amount of eroded Miocene tidal deltaic and estuarine deposits (Espurt
et al., 2010). Accounting for these yields a reference, pre-erosional
Miocene surface that corresponds to the top of Espurt et al.'s (2010)
Late Miocene Madre de Dios Formation.

We calculate the amount of uplift experienced by this Miocene
surface by first finding the average topography for a cross-section
striking approximately parallel to the Subandean thrust front and pas-
sing through the highest topographic expression of the Fitzcarrald Arch
(profile 2-2’, see Fig. 1B for location). Fig. 3 shows the averaged to-
pographic swath for profile 2-2’. The thick black line in Fig. 3 marks the
average topography of the arch found by averaging the Global Multi-
Resolution Topography (GMRT) v.3.2 (Ryan et al., 2009) along 81
parallel profiles (profile 41 corresponds to 2-2’ with additional profiles
spaced at 1 km increments to a distance of +40 km/—40 km away from
profile 2-2’ to cover the current location of the arch's highest topo-
graphy and minimize incorporation of Subandes topography into the
swath); the gray region marks the maxima and minima of the topo-
graphy encountered by these profiles.

We then marked the location where topographic profile 2-2’ in-
tersects the stratigraphic contacts between: 1) the Miocene Upper
Ipururo—Miocene Lower Ipururo Formations (vertical red lines), 2)
Upper Ipururo—Miocene Madre de Dios Formations (vertical orange
line), and 3) Madre de Dios—Pliocene Juanjui/Corrientes Formations
(red star) (Espurt et al., 2010). Exposure of these formations indicates
that ~400 m of material from the Madre de Dios and ~300 m from the
Upper Ipururo Formations above the Lower Ipururo has been eroded
during the arch's formation (Espurt et al., 2010), and we use these
values to find that the uplifted and eroded Miocene surface is at
~900 a.m.s.l. over the base of the Madre de Dios and at a maximum of
~1160 a.m.s.l. over the base of the Upper Ipururo (vertical dashed
black lines in Fig. 3A). After correcting for isostatic rebound due to
erosional unloading following the method of Molnar and England
(1990), these values reduce to ~840 a.m.s.l. and ~970 a.m.s.l. respec-
tively. Given the elevation of the surrounding basins is ~210a.m.s.1.,
the maximum amount of uplift along this section of the Fitzcarrald Arch
is ~760 m. We use these four formation contacts to provide the basis for
our estimates of Gaussian parameters a and c.

Parameter c is relatively well constrained from the location of
maximum uplift and the present exposure of the Madre de Dios
Formation—Juanjui/Corrientes Formation contact along our topo-
graphic cross-section (red star in Fig. 3A). The mapped outcrop of the
contact between these formations is highly irregular, indicating its
surface exposure is largely dependent on the location of streams in-
cising into the arch. The transparent pink box in Fig. 3A marks the
approximate range of locations where streams near our cross-section
have exposed the contact. We consider any value of parameter c that
produces a Gaussian that intersects the average surface (black line)
within this box to be a reasonable representation of the uplifted Mio-
cene surface. The Gaussian curves shown in Fig. 3A have been calcu-
lated using the relationship:
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¢ = w/(2xsqrt(2+In2)), 2)

where w is the full width at half maximum or the distance at which the
value of the Gaussian curve has decreased to one-half its maximum
value. The values of w shown in Fig. 3A range from 360 km (black
curve) to 440 km (orange curve), centered around our preferred value
of 400 km (red curve) which passes directly through the outcrop of the
contact along our cross-section (red star). As this value controls how
rapidly the Gaussian defined by Eq. (1) decreases from its peak value
but not the amplitude of this peak value, it has little effect on our
calculation for the maximum amount of modification of the foreland
necessary to uplift the Fitzcarrald Arch.

Parameter a in Eq. (1) describes the peak value of the Gaussian and
is more important than ¢ in modeling the amount of alteration neces-
sary to create the arch. This parameter can be determined based on the
arch's current topography and the amount of eroded Miocene material,
~760m relative to the elevation of the surrounding basins. We re-
cognize both that the uncertainty in the amount of eroded Miocene
material and our assumption that removal of this material has been
isostatically compensated may vary, and as a result have investigated
the sensitivity of our uplift values. Fig. 3B shows values of parameter a,
ranging from 660 m to 860 m, and their effects on the resulting Gaus-
sian curves. All of these curves are consistent with outcrops of the
Madre de Dios—Juanjui/Corrientes contact as their intersection with
the land surface falls within the region where stream incision controls
contact exposure (pink box in Fig. 3B); we consider the a = 660 m
Gaussian curve (black curve) a lower bound and the a = 860 m Gaus-
sian curve (orange curve) an upper bound for a.

In summary, we find that the Fitzcarrald Arch has ~760m of as-
sociated rock uplift and can be characterized by a Gaussian half-width
of ~200 km. Next, we evaluate potential causes of this uplift.

3.2. Quantitative models of arch uplift

As noted in Section 2, the uplift of the Fitzcarrald Arch may result
from one of two isostatic mechanisms. The first mechanism, serpenti-
nization of the base of the foreland mantle lithosphere, may be most
easily modeled as a case of Pratt Isostasy in which the density of the
lithosphere beneath the arch has been decreased relative to the sur-
rounding basins. The second mechanism, crustal thickening at depth
requires the use of Forsyth's (1985) equation for subsurface loading of
an elastic plate.

3.2.1. Uplift due to mantle lithosphere serpentinization

Partial serpentinization of the lithospheric mantle beneath the
Fitzcarrald Arch would lower the average density of the lithospheric
column beneath the arch, causing it to rise relative to its surroundings.
The thickness of this column would be determined by the elastic
thickness in the area (which may be interpreted as the depth of com-
pensation for isostatic calculations) and the relationship between the
present elevation of the arch and its initial elevation may be described
by the Pratt equation for isostasy:

pxz = pp(h + 2) 3

with p; representing the initial average density of the column, ps re-
presenting its final average density following partial serpentinization of
its mantle lithosphere component, z representing the thickness of the
column, and h representing the elevation of the arch above its reference
datum.

3.2.2. Uplift through emplacement of material in the lower crust

Forsyth (1985) provides a method for the calculation of the amount
of uplift produced by the emplacement of a load at depth within a plate
that exploits multiplication in the spatial wave number (k) domain to
avoid the need to calculate fourth order derivatives in the spatial fre-
quency domain (related to topography) simultaneously over a wide
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range of spatial frequencies. This method relies on the equation:

Wy (k) = —p,*H, (k) *¢/Ap, &)
where
¢ =1+ (Dxkh/(0,*8). (5)

In these equations, constants are limited to p. (crustal density), Ap
(difference between mantle and crustal densities), g (gravitational ac-
celeration), and D (flexural rigidity). The constant D is defined in re-
lation to the material parameters of the plate E (its Young's modulus), T,
(its elastic thickness) and v (its Poisson's ratio) through the equation:

D = (ExT.>)/[12(1 — v?)]. 6)

The variable k (spatial wave number) in Egs. (4) and (5) defines
both functions Wy(k) (the Fourier transform of the amplitude of Moho
deflection from some reference depth) and Hy(k) (the Fourier transform
of topography).

For our investigation of the Fitzcarrald Arch only a single value of k
(here interpreted as the spatial wavelength of rock uplift related to the
arch's areal extent) is of interest. This further simplifies Egs. (4) and (5)
by rendering the term D % k* in Eq. (5) a constant. Observing the line-
arity property of Fourier transforms we find that:

(W, (k) = [T (=p,Hy (k) x¢/Ap) = —p, ¢/ Ap+ [T (Hy (k). %)
This makes Eq. (4) equivalent to:
Wh (x) = —p,%¢/Ap*xHy (x), (8)

further simplifying calculation. W,(x) is the downward deflection of the
Moho resulting from the addition of material given an observed topo-
graphic uplift of Hy(x). In our case, Hy(x) is the Gaussian function de-
fined above and the term —p,* ¢ / Ap acts to scale the peak amplitude
of this Gaussian (the Gaussian parameter a discussed above). We in-
vestigate the relationship between this scaling factor and physical
parameters below.

4. Results
4.1. Mantle serpentinization models

Following Sacek and Ussami's (2009) evaluation utilizing geologic
and geophysical observations of existing elastic thickness models for
South America, we use the best fit value of 50 km for our study region's
elastic thickness (Stewart and Watts, 1997) and assign h our preferred
value of arch uplift, 760 m. We then find that the ratio p;/ps equals
1.015. Assuming that the crust is 35km thick and has a density of
2670kg/m® and that the unserpentinized mantle had a density of
3300kg/m® we find that the average density of the initial column
would be 2860 kg/m® and further that the density of the partially ser-
pentinized mantle lithosphere would be 3170 kg/m® (a density change
of ~4%). This value corresponds to ~20% by volume antigorite in the
lithospheric mantle and a shear wave velocity of ~4.4 km/s (Abers and
Hacker, 2016). Assuming the lowest estimate of arch uplift consistent
with geological data, 660 m, yields an equivalent value while assuming
a significantly thicker elastic thickness (70 km), yields partially ser-
pentinized lithospheric mantle with a density of 3230 kg/m?>. This value
corresponds to ~10% by volume antigorite and a shear wave velocity of
~4.5km/s (Abers and Hacker, 2016). Halving the elastic thickness
would result in a thickness less than our crustal thickness, meaning that
the depth of isostatic compensation would occur predominately within
the crust. This would largely decouple surface uplift from processes
within the mantle like serpentinization. Surface (shear) wave tomo-
graphy results (Antonijevic et al., 2015) for the region do not have
sufficient resolution to test these predictions. However, there are three
prior observations that suggest that the slab dehydrates several hundred
kilometers west of the arch and is not dehydrating under the arch itself
(see Hasegawa and Nakajima, 2017 for review of the general
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relationships between seismic observations and slab dehydration): 1)
the lack of earthquakes in the slab beneath the arch (Kumar et al., 2016,
see also Fig. 2); 2) high seismic velocities in the slab's crust well west of
the arch (Bishop et al., 2017, see Fig. 2) suggesting the oceanic crust has
transformed to relatively anhydrous eclogite; and 3) the presence of a
thin supra-slab mantle hydration layer, associated with water released
from the dehydrating slab (Dougherty and Clayton, 2015), that dis-
appears well to the west of the arch. This suggests that hydration of the
mantle is an unlikely source of arch uplift and an alternate model of
arch uplift is necessary.

4.2. Crustal thickening models

Calculation of the amount of uplift produced by the emplacement of
a load at depth within a plate requires a total of six independent phy-
sical parameters (see Eq. (6) in Section 3.2.2.), three of which (Young's
modulus (E), elastic thickness (T,), and Poisson's ratio (v)) are necessary
to calculate the flexural rigidity parameter, D. We begin by assigning
these parameters based upon prior studies of the Andean foreland and
our Gaussian approximation of the rock uplift associated with the
Fitzcarrald Arch. We then use alternate, geologically reasonable values
of these parameters to examine how departures from these regional
observation-based values may affect our estimate of crustal thickening
beneath the Fitzcarrald Arch (see Fig. 4).

We again use Stewart and Watts's (1997) parameters for the region

around the arch (E=1x10"'Nm, v =0.25, g=9.81 m/s>%,
Faulted Domain
. . . >
Fitzcarrald Arch Topography & Uplift D
] : \
- N
E AN
3 \
|
M/ \§
4 fa *Q
0 T
-300 -200 -100 0 100 200 300
Distance From Topographic Axis of Fitzcarrald Arch
Faulted Domain (km)
2 —— L 1 1 2v
Predicted Crustal Thickening 2]
1000 /%
€ =oofiSfS P>7%
NS1 S~
é 3000.\\\:\\\ ////
8 2000 RN ~——+—1"
o N \ /
a 50004 AN N T~ /
o NN
=
] N
S 6000 < i\// /
7000 /
8000 I~
-300 -200 -100 0 100 200 300
Distance From Topographic Axis of Fitzcarrald Arch

(km)

Fig. 4. A: Miocene surface (red curve) uplifted during formation of the Fitzcarrald Arch
calculated from surface exposures of Miocene contacts and corresponding erosion docu-
mented by Espurt et al. (2010) (topography and other features as in Fig. 3). B: Calculated
amount of crustal material needed to support the uplift in A assuming range of differing
plate properties. Red line marks our preferred model (4.9 km maximum thickening), blue
lines mark range of values obtained from alternate models (see Table 1, range extends
from ~4 to 6.6km of maximum thickening). Black lines mark extreme values, with
shallowest (~3.2km of maximum thickening) corresponding to pure Airy isostatic sup-
port for the arch and the deepest (~7.9 km of maximum thickening) corresponding to
extreme values of mantle and crustal densities (3200 kg/m® and 2800 kg/m?® respec-
tively). See text for discussion. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Table 1
Sensitivity analysis for thickening estimate.

Parameter Assumed value Resultant thickening (km)
Elastic thickness (km) 25 3.4
Elastic thickness (km) 40 4.1
Elastic thickness (km) 60 6.1
Young's modulus (Paxs) 2.0 x 101! 6.5
Young's modulus (Paxs) 5.0 x 10'° 4.0
Poisson's ratio 0.2 4.8
Poisson's ratio 0.3 4.9
Topographic wave number (km ™) 21 /500 6.6
Topographic wave number (km™~!) 2w/ 700 4.1
Crustal, mantle density (kg/m3) 2670, 3200 5.8
Crustal, mantle density (kg/m®) 2670, 3400 4.2
Crustal, mantle density (kg/m®) 2700, 3200 6.2
Crustal, mantle density (kg/m®) 2700, 3300 5.1
Crustal, mantle density (kg/m?) 2700, 3400 4.4
Crustal, mantle density (kg/m®) 2800, 3200 7.9
Crustal, mantle density (kg/m®) 2800, 3300 6.3
Crustal, mantle density (kg/m?) 2800, 3400 5.3

pe = 2670 kg/m>, p,, = 3300 kg/m>, T, = 50 km) and assign k and de-
rive Hp(x) values from the topographic expression of the arch
(~600 km) and our estimate for the uplifted Miocene surface (~760 m
at apex relative to neighboring basins, full width at half-maximum
~200 km). These values result in ~4.9 km of crustal thickening beneath
the maximum observed uplift (Fig. 4B). We treat this result as a re-
ference value and now examine the effects of alternating the values of
our model parameters (see Table 1). We first examine the three para-
meters that define D, the plate's flexural rigidity.

Our preferred value of E (1 x 10! Nm) is fairly typical for crustal
materials. Lithospheric mantle values may reach nearly double this
value (Tesauro et al., 2012). Likewise, while v is on average around
0.25, varying compositions and pressure/temperature conditions may
cause v to vary by approximately + 0.05 (Christensen, 1996). Table 1
shows that varying the value of E by X 0.5 or X2 has an effect com-
parable to modifying the value of T, by = 10 km. Alternatively, halving
T, to a value of 25 km yields 3.4 km of crustal thickening. Varying the
value of v has no significant effect. This indicates that variation in D
may change our estimated value of crustal thickening by ~1 to 1.5 km
yielding a range of potential thickening values from ~4km to 6.5 km.

Comparable ranges of estimated crustal thickening values are ob-
tained by variation in the spatial wave number, k (equivalent to 2w/
spatial wavelength). The topographic expression of most of the
Fitzcarrald Arch is clear in the Global Multi-Resolution Topography
data set (Ryan et al., 2009), however the low amplitude flanks of the
arch may be partially obscured by the topography of the Subandean
foothills. To investigate potential errors in determining the spatial
wavelength of the arch, we test wavelengths of + 100 km differences
from our estimate of 600 km. We find that a 500 km wavelength would
require 6.6 km of crustal thickening to account for the Arch's uplift and
a 700 km wavelength would require 4.1 km of thickening.

The final parameters that may affect our calculation are the average
densities of the crust and mantle lithosphere beneath the Fitzcarrald
Arch. As our calculation depends on the difference between the crust
and mantle density, we report pairs of values in Table 1. We find that
most combinations of crust and mantle densities yield thickening esti-
mates in the same range (~4 to 6.5km) as the other parameters we
examined above, however in an extreme case with high-density crust
(2800 kg/rnB) and unusually low-density mantle (3200 kg/ms) requires
7.9 km of thickening to produce the arch.

The above investigation of parameters suggests that a minimum of
~4 km of thickening is likely to have occurred to support the uplift of
the Fitzcarrald Arch, and suggests that our preferred value of ~4.9 km
is reasonable. The values calculated for all parameters are noticeably
different from the value of 3.2 km of thickening required to support the
arch's uplift assuming local Airy isostasy (equivalent to setting the
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flexural rigidity parameter D or elastic thickness parameter T, to 0).
Improved seismic coverage of the arch and neighboring basins may be
able to distinguish between the Airy isostatic estimate and a number of
the flexurally supported estimates. Flexural estimates of thickening
based on the range of geologically reasonable values that we have ex-
amined are comparable in magnitude to the localized ~5 km thickening
observed southeast of subducted Nazca Ridge beneath the high Andean
Cordillera (Bishop et al., 2017), suggesting that similar processes may
have been responsible for thickening both locations.

5. Discussion
5.1. Thickening foreland lower crust with minimal upper crustal faulting

We propose that the uplift of the Fitzcarrald Arch was likely driven
by ~4km to 6.5 km of crustal thickening beneath the arch, and given
that the arch lacks significant post-Cretaceous faulting and crustal
seismicity (Espurt et al., 2007a, 2007b) this thickening would need to
be accommodated ductiley. This thickening is consistent with Regard
et al.'s (2009) suggestion that the arch is a product of increased cou-
pling between the flat slab and the overriding plate. However, the ex-
tension of the Fitzcarrald Arch beyond the point at which the flat slab
resteepens (see Fig. 2) raises a further question: how can a flat slab
trigger significant thickening of the overriding plate's lower crust be-
yond the slab's subduction hinge without corresponding faulting in the
upper crust?

Numerical modeling of a shallowly subducting plate mechanically
coupled to an overriding plate may provide an explanation. Bird (1988)
has shown that basal shear can displace a volume of material sufficient
to thin the overriding plate's crust by up to > 20 km near the trench and
to thicken it by up to > 20 km where the subducting plate steepens and
decouples from the overriding plate. Changes in lithospheric mantle
thickness follow a similar, though more extreme, pattern (Bird, 1988).
This thickening may extend beyond the point of decoupling, decreasing
with distance beyond the slab hinge (Bird, 1984). Absolute magnitudes
of thickening and thinning vary based on the rheology of the overriding
plate as well as on the extent of coupling between the two plates, but
significant shear strain is likely to accumulate in the lower crust of the
overriding plate (Bird, 1984). In locations where the flat slab extends to
the foreland and where the subducting and overriding plates are par-
tially coupled, Bird's (1984, 1988) models predict both crustal thick-
ening and associated topographic uplift. This model differs from
channel flow models of crustal thickening (see Jamieson and Beaumont,
2013 for a review of channel flow) in maintaining coupling between the
ductilely deforming layer of crust and a stronger underlying lower crust
or mantle lithosphere, imparting a single top-towards-the-trench sense
of shear to the deforming layer (Bird, 1984; Allmendinger and Judge,
2014).

Observations of the forearc and high Andes above the subducted
Nazca Ridge along the southern edge of the Peruvian flat slab are lar-
gely consistent with the deep crust and mantle structure predictions of
Bird's models. While variations in the crust and lithospheric mantle
thickness prior to flat subduction have likely lead to greater hetero-
geneity than modeled by Bird (1984, 1988) with a uniform upper plate,
these simple models are a good first-order match for the Fitzcarrald
Arch region. Extensive removal of the South American lithospheric
mantle along the inboard projection of the Nazca Ridge (Bishop et al.,
2017; Eakin et al., 2014b) and thinning of South American crust above
the subducted Nazca Ridge (Bishop et al., 2017) is consistent with the
basal shear models' thinning predictions in the overriding plate where
the plate and flat slab along the Nazca Ridge are coupled. Evidence for
thickening of the Andean crust by ~5 km inboard of the southeast edge
of the flat slab (Bishop et al., 2017) is consistent with the models'
prediction for crustal thickening in the direction of convergence im-
mediately beyond the region of interplate coupling.

A lack of seismic array coverage in the foreland prevents direct
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Fig. 5. Topographic and geologic expression of the Fitzcarrald Arch (as in Fig. 1B)
compared to Bird's (1984) basal shear model scaled approximately to the Nazca plate's
subducted oceanic Moho 80 km depth contour (Bishop et al., 2017) and the Nazca plate's
90 km surface wave tomographic depth contour (Antonijevic et al., 2015). Note that as
shown in Fig. 2 the irregularities in the 80 km slab Moho contour along the eastern edge
occur in an area where the slab remains in close contact with the overriding continental
crust. Green line show the area of plate contact scaled from Bird (1984) to match slab
contours; purple lines show qualitative crustal thickening contours caused by basal shear
scaled from Bird (1984). See text for discussion. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

observation of the South American continental Moho beneath the
Fitzcarrald Arch, preventing us from directly investigating the crustal
thickness beneath the arch. Array coverage does allow examination of
the crustal thickness at the Subandean deformation front, where crustal
thickness range between ~50 and 55km (Bishop et al., 2017; see
Fig. 2). Immediately north of the Fitzcarrald Arch James and Snoke
(1994) found that the crustal thickness at Subandean deformation front
ranged between ~40 and 45km while south of the arch Ryan et al.
(2016) likewise found crustal thickness of ~40-45 km at the deforma-
tion front. These observations are consistent with our model's predic-
tions of > 5km of crustal thickening beneath the arch. In addition, by
scaling Bird's (1984) model to a point between 80 km and 90 km depth
contour for the slab's subducted oceanic Moho from Bishop et al. (2017)
and Antonijevic et al. (2015), we can compare the topographic ex-
pression of the arch and the potential area of basal shear induced
crustal thickening caused by the subducted ridge (Fig. 5). Bird's (1984)
model is dimensionless, so its contours represent qualitative estimates
of an instantaneous crustal thickening rate (which depends on the
strength of the overriding plate and magnitude of basal shear stress, the
values of which are both presently unknown) rather than total crustal
thickening. As such it only allows us to determine whether the potential
“footprint” of deformation has a location and geometry that is con-
sistent with the arch. While complications seem to exist on the south-
eastern edge of the flat slab, Fig. 5 highlights how the “footprint” of
active crustal thickening predicted by the coupling model is a good
match for the region of high topography associated with the arch. A
comparison of topography and exposed Miocene sedimentary units
suggests there is a discordance between the areas of highest topography
and highest structural exhumation. This discordance appears to the
northeast of predicted high present rates of crustal
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Fig. 6. Schematic cross-section approximately following
strike of the subducting Nazca Ridge. Solid black lines
above topography mark boundaries between geomorphic
features, dashed black line marks inferred location of the
edge of the stable Brazilian Craton. Light blue on sub-
0 ducting Nazca plate and slab represents basaltic crust,

purple represents eclogitized crust associated with end of

intermediate depth Wadati-Benioff zone seismicity (black
circles representing hypocenters from Kumar et
(2016) = 150 km from cross-section, see Fig. 2 above for
discussion of eclogitization). Dark blue represents oceanic
mantle lithosphere, with broadening slab velocity anomaly
in the mantle transition zone (Scire et al., 2017) and deep
seismicity (International Seismological Center, 2011) in-
terpreted as representing deformation of the slab as it be-
gins to enter the lower mantle. Red feature below the slab
represents potentially buoyant low seismic velocity feature
(Antonijevic et al., 2015; Scire et al., 2016) beneath the flat
slab. Within the crust of the over-riding South American
plate (gray, note change in vertical exaggeration at 8 km
depth to accommodate topography/bathymetry), solid red
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lines mark the location of active (reactivated?) Subandean
thrust faults while dashed red lines mark inactive pre-Cre-
taceous faults (following Devlin et al., 2012) while area in
orange marks the approximate location of mid-to-lower
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crustal thickening we predict to drive the uplift of the Fitzcarrald Arch. Purple arrows provide sense of motion for the region of crustal thickening beneath the Fitzcarrald Arch; note that
this motion would impart a top-to-the-west sense of shear to the ductilely deforming mid-to-lower crust, opposite to the overall top-to-the-east sense of shear caused by Subandean thrust-
faulting in the neighboring upper crust. The thickness of the cratonic lithosphere (light blue beneath overriding plate) is uncertain, however gradually increasing elastic thicknesses
towards the east (see Sacek and Ussami, 2009 for compilation) suggest it may be somewhat tapered, with an increasing thickness towards the east. See text for discussion. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

thickening—consistent with southeastward propagation of the arch
through time as the Nazca Ridge migrates with respect to stable South
America (Espurt et al., 2007a, 2010).

5.2. Broader implications

We show in Fig. 6 our schematic cross-section of the southern seg-
ment of the Peru flat slab where the Nazca Ridge is subducting and the
proposed basal shear that could account for the uplift of the Fitzcarrald
Arch. The development of the Fitzcarrald Arch through thickening of
the lower crust represents one of the most spatially extensive examples
of crustal thickening due to flat slab induced basal shear. This me-
chanism is structurally quite different from the basement cored uplifts
attributed to basal shear associated with other flat slab regions (e.g.
Dickinson and Snyder, 1978; Jordan and Allmendinger, 1986; and see
Erslev, 2005 for a critical review). The lack of significant faulting
within the ~2.5km thick Cretaceous to late Cenozoic sedimentary
layers (Espurt et al., 2010) or of reactivation of pre-Cretaceous base-
ment faults present on the arch (Gautheron et al., 2013) indicates that
thickening must be accommodated in the mid-to-lower crust. This
contrasts with both basement cored uplifts and other occurrences of
shallow crustal faulting observed in other flat slab localities, including
the northern segment of the Peruvian flat slab (Hermoza et al., 2006;
Eude et al., 2015; see Figs. 1 and 5). The differences in deformation
style in the upper plate above the same flat slab may reflect structural
(e.g. orientation of pre-existing faults (Gautheron et al., 2013)) or
rheological differences (e.g. variations in the relative strength of the
lower crust and mantle lithosphere) between the Fitzcarrald Arch and
the region immediately to the north and west. In addition, the differ-
ences between the two regions may reflect differences in the structure
of the flat slab. The flat slab around the subducted Nazca Ridge is
significantly shallower than the region immediately northwest of the
ridge (Gutscher et al., 1999). Although the Nazca Ridge began to enter
the trench near ~10°S around 15-11 Ma (Hampel, 2002; Rosenbaum
et al., 2005), the volcanic arc remained active between ~10°S and
~14°S until 4 Ma (Rosenbaum et al., 2005). This delay is consistent
with analogue and numerical models (Espurt et al., 2008; Hu et al.,
2016) that find several million years elapse between initial ridge sub-
duction and full flattening of the slab and with the approximate timing
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of the Fitzcarrald Arch's uplift (Espurt et al., 2010). Prior to flattening
and the closure of the convecting mantle wedge, the slab and overriding
plate would be largely uncoupled, preventing basal shear above and
inboard of the ridge. This possibility does not explain why the shallow
northern segment of the Peruvian flat slab, associated with the hy-
pothesized subducted Inca Plateau (Gutscher et al., 1999), has failed to
form a comparable arch-like feature near 5°S. Further geological and
geophysical investigation of the region may help to clarify the evolution
of the Peruvian flat slab and the conditions necessary for the formation
of foreland arches and basement cored uplifts.

The differences in foreland deformation style between the southern
segment of the Peruvian flat slab associated with the subducted Nazca
Ridge and the northern segment highlight the variability in responses to
ridge subduction. This variability is further highlighted when ex-
amining the subduction of other ridges in South America (see Gutscher
et al., 2000 and Spikings and Simpson, 2014 for overviews). While both
the Nazca Ridge and Juan Fernandez Ridge (Allmendinger and Judge,
2014) show evidence for basal shear, there are major differences be-
tween the two. At a depth of ~100-110 km, the Pampean flat slab as-
sociated with the subducting Juan Fernandez Ridge is deeper than that
associated with the Nazca Ridge and a significant thickness of mantle
lithosphere is present between the continental crust and the Pampean
flat slab (Gans et al., 2011). In addition, crustal deformation is ac-
commodated by basement cored uplifts and abundant deep crustal
earthquakes above the eastern portion of the Pampean flat slab and east
of where the flat slab re-steepens (e.g. Alvarado et al., 2009; Bellahsen
et al., 2016). The subducting Juan Fernandez Ridge associated with the
shallowest portion of the Pampean flat slab thus appears to show both
ductile crustal thickening beneath the western Precordillera fold belt
and basement cored faulting to the east in the Sierras Pampeanas re-
gion.

There is little evidence for significant basal shear occurring within
the Andean foreland inboard of the subducting Carnegie and Iquique
Ridges. We note that at both locations the volcanic arc remains active
(though broadened near the Carnegie Ridge) (Gutscher et al., 2000).
This indicates that in these locations the subducting and overriding
plates likely remain decoupled by an intervening mantle wedge, and
hence would not be expected to cause any basal shear. Perhaps the
subducting Carnegie and Iquique Ridges have either just begun to
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subduct or have otherwise not had time to cause the associated slab to
become flat, consistent with models that find a delay between the initial
subduction of a buoyant feature and the establishment of flat slab
geometry (e.g. Espurt et al., 2008; Hu et al., 2016). Comparison of these
four ridges indicates: (1) that the onset of ridge subduction may not
immediately produce a response in the overriding plate, other than
offshore and near the coast; and (2) the upper plate may respond
through variable styles of deformation, both within a single flat slab
system and between separate flat slab segments along the same sub-
duction zone.

In light of the observations we have presented above and recent
evidence for flat slab related basal shear induced thickening in the
Argentine Precordillera above the Sierras Pampeanas flat slab
(Allmendinger and Judge, 2014), it may be useful to reconsider the
importance and expression of flat slab induced basal shear in the evo-
lution of Cordilleran mountain belts. Bird's (1984, 1988) model of basal
shear thickening was originally developed as an explanation for flat
slab related Laramide structures in western North America and the
continued presence of a thick continental mantle lithosphere in the
region has been difficult to explain (see Erslev, 2005 and references
therein). Both our observations of the Fitzcarrald Arch and observations
of basal shear induced thickening of the Argentine Precordillera above
the shallow portion of Pampean flat slab (Allmendinger and Judge,
2014) suggest that the effects of basal shear may be concentrated over
the shallowest portions of a flat slab. In these two cases, the evidence
for basal shear corresponds with the location of subducting aseismic
ridges or hot spot tracks and associated sub-slab low velocity bodies in
both Peru (Antonijevic et al., 2015; Scire et al., 2016) and Argentina
(Anderson et al., 2007; Portner et al., 2017) rather than over the en-
tirety of a flat slab region.

Recent geological observations from western North America may be
consistent with this localized form of basal shear. Subduction complex-
derived schists emplaced at mid-to-lower crustal depths in western
Arizona (Haxel et al., 2015) lie along the center of the proposed Lar-
amide flat slab and the predicted path of the subducted oceanic plateau
associated with the formation of this flat slab (Liu et al., 2010). Ex-
tensive Laramide age shearing observed in mantle xenoliths found near
the center of the Colorado Plateau (Behr and Smith, 2016) are also
located above the path of the subducted oceanic plateau. We suggest
basal shear deformation in the Laramide flat slab may have been con-
centrated—and therefore most disruptive of the overriding plate's li-
thosphere—directly above the central portion of the subducting Lar-
amide oceanic plateau, just as observed in the modern Peruvian flat slab
and in the Pampean flat slab (Allmendinger and Judge, 2014).

The concentration of deformation in the upper plate directly above
subducting aseismic ridges or oceanic plateaus may explain the con-
tradiction between the general preservation of the western North
American continental lithosphere and the evidence of severe local dis-
ruption of the continental lithosphere represented by these schist and
mantle xenoliths. Analogous to Peru and Argentina, outside of a rela-
tively narrow corridor directly over the subducted plateau, disruption is
likely to have been limited. Other less extensively documented occur-
rences of flat subduction in the geologic record (e.g. the compilation by
Ramos and Folguera (2009) for examples from South America) may
exhibit similar patterns of deformation as further details of these oc-
currences are uncovered.

6. Conclusions

We illustrate an overall view of the relationship between the
Fitzcarrald Arch and the subducting flat slab in Peru (Fig. 6). The for-
mation of the Fitzcarrald Arch in the foreland of the Andes occurs along
the projection of the subducted Nazca Ridge. We suggest that the
Fitzcarrald Arch is the result of thickening on the order of ~5km in the
foreland's mid-to-lower crust as the result of top-to-the-west basal shear
and shortening between the shallowest portion of the flat slab,
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coincident with the subducted Nazca Ridge, and the South American
lithosphere. A lack of seismicity and surface faulting associated with the
Fitzcarrald Arch indicates that this basal shear and shortening is ac-
commodated ductilely in the mid-to-lower crust and dissipates before
significantly affecting the brittle upper crust. This process suggests that
basal shear induced deformation in the overriding plate in a flat slab
setting is concentrated along only the shallowest segment of the flat
slab. In Peru, this corresponds to the shallow subducted Nazca Ridge,
and elsewhere is likely to correspond to other shallow subducted
aseismic ridges or oceanic plateaus. Other styles of upper plate de-
formation may be important when the flat slab segments are deeper.
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