A contrast in anisotropy across mid-lithospheric discontinuities
beneath the central United States—A relic of craton formation
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ABSTRACT

The mid-lithospheric discontinuity (MLD) is a seemingly sharp
decrease in seismic velocity at depths internal to the lithosphere and
appears to be a pervasive feature beneath continental interiors. Its
presence within cratons, which have remained relatively stable since
formation, suggests that the MLLD may result from processes associ-
ated with continent formation. We use P- to S-wave receiver functions
to interrogate seismic anisotropy across the MLD within the ca. 1.35-
1.55 Ga Granite-Rhyolite Province of the central United States. Our
analysis reveals strong evidence for sharp changes in the orientation
of anisotropy across multiple MLDs, with an approximately north
to northwest fast orientation of anisotropy in the upper lithosphere.
The consistency of this signature over a large region suggests that the
observed anisotropy is a relic of North American craton formation.
In addition, the presence of several distinct anisotropic layers within
the cratonic lithosphere supports models for craton formation via
stacked subducted slabs or a series of underthrusting events.

INTRODUCTION

Continental interiors are among the oldest and most stable tectonic
settings on Earth; however, we lack an understanding of their internal
structure, as well as the processes associated with their formation and
evolution. Strong negative polarity arrivals observed in receiver function
data have been interpreted as a sharp decrease in seismic velocity inter-
nal to cratonic lithosphere. This mid-lithospheric discontinuity (MLD) is
a seemingly pervasive feature within cratons and has been documented
beneath North America (e.g., Abt et al., 2010; Foster et al., 2013; Hopper
etal., 2014), Australia (e.g., Ford et al., 2010), the Kalahari and West Afri-
can cratons (e.g., Savage and Silver, 2008; Sodoudi et al., 2013; Cooper
and Miller, 2014), and the Canadian shield (e.g., Miller and Eaton, 2010).
The origin of the MLDs, however, remains enigmatic.

Some work suggests that the MLD may also correspond to a sharp
change in the orientation of seismic anisotropy (i.e., Rychert and Shearer,
2009; Yuan and Romanowicz, 2010); that is, the condition in which seis-
mic wave speed depends on direction of propagation or polarization. In
the mantle lithosphere, anisotropy is generally attributed to “frozen in” lat-
tice preferred orientation of anisotropic minerals (primarily olivine; e.g.,
Karato et al., 2008) due to the strain associated with past deformational
events. Examining the anisotropic structure of continental lithosphere can
thus shed light on the geometry of past deformation and the processes
associated with the formation and modification of cratons.

The deformation history of the lithosphere is of particular interest
for the central United States, where the processes that led to the for-
mation of the North American craton remain poorly understood. This
region was presumably formed by a succession of accretion events
involving northeast-trending juvenile volcanic arcs and oceanic terranes,
including the Granite-Rhyolite Province at 1.55-1.35 Ga (Whitmeyer
and Karlstrom, 2007). Multiple supercontinent cycles ensued, including
the assembly of Rodinia and Pangea, which resulted in the Grenville (ca.
1.3-0.9 Ga) and Appalachian (ca. 320-260 Ma) orogenies, respectively.
The lithosphere beneath the central United States has thus recorded an
extensive history of deformation, including the assembly of the east-
ern North American craton. Therefore, studying primary features of the
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continental lithosphere will lead to an improved understanding of craton
formation and modification.

DATA AND METHODS

Receiver functions (RF) make use of converted seismic waves and can
effectively constrain anisotropy in the crust and upper mantle. A P-wave
(compressional) encountering a horizontal velocity discontinuity at depth
will convert to an SV-wave (shear in the source-receiver plane) visible on
aradial component seismogram. However, for a ray passing through a dip-
ping interface or anisotropic medium, the scattering of energy will cause
an additional SH arrival on the transverse component. The orientation of
the anisotropic symmetry axis at depth can be determined by examining
back azimuthal variations in amplitude, with P to SH converted energy
disappearing at back azimuths parallel and perpendicular to a horizontal
anisotropic symmetry axis (e.g., Levin and Park, 1997).

To investigate the anisotropic character of the MLD beneath the cen-
tral United States, we computed P-to-S RFs using the multi-taper correla-
tion RF estimator (Park and Levin, 2000) at four long-running seismic
stations in the Granite-Rhyolite Province (Fig. 1). (See the GSA Data
Repository' for more information on the methods.) A one-dimensional
velocity model appropriate for continents (AK135; Kennett et al., 1995)
was used to migrate RFs to depth. Hundreds of RFs were stacked at each

Figure 1. Tectonic setting of the central United States. Locations
of the craton boundary (thick red line), rift zones (thin red lines),
terrane boundaries (black lines), and Grenville Front (blue line) are
based on Whitmeyer and Karlstrom (2007). Purple triangles denote
the locations of seismic stations used in this study.

!GSA Data Repository item 2014302, a detailed description of method-
ology and additional figures, is available online at www.geosociety.org/pubs
/£t2014.htm, or on request from editing @ geosociety.org or Documents Secretary,
GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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station, effectively canceling out random noise; we verify that RF features
are robust by computing jackknife uncertainty estimates (Fig. DR9 in the
Data Repository).

RESULTS

Radial component RFs exhibit a clear, positive polarity arrival at
~5-6 s after the initial P-wave arrival (Fig. 2), indicative of a velocity
increase with depth. This corresponds to an interface at ~50 km depth, and
matches the expected Moho depth based on previous work (e.g., Abt et
al., 2010). In addition, RFs at all stations exhibit negative polarity arrivals
(an apparent velocity decrease with depth) at ~7-12 s (Fig. 2). At some
stations (e.g., WCI and BLO), these negative polarity phases are coherent
across large swaths of back azimuth, with certain back azimuths exhibit-
ing multiple phases occurring close together in time (Figs. DR1-DR4).
At low frequencies, these negative Ps phases merge together, forming one
negative polarity arrival (Fig. 2A). At higher frequencies, however, mul-
tiple negative polarity phases become evident (Fig. 2B). By choosing the
most coherent negative polarity arrival, we deduce the approximate depth
of the interfaces from which these phases were converted: ~80-85 km
(~8-9 s) beneath stations WCI, BLO, and CCM, and ~100 km (~10.5 s)
beneath WVT.
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Figure 2. Radial component receiver funtions plotted as a
function of time relative to the P-wave arrival. Dashed lines
denote the arrival of Ps phases converted at potential mid-
lithospheric discontinuities (MLDs). Green line indicates the
most coherent conversion from mid-lithospheric structure.
All RFs were stacked and low passed. A: At 0.5 Hz. B: At 1Hz.

Transverse component polarity reversals are a robust way to infer the
orientation of anisotropic symmetry axes at depth (e.g., Wirth and Long,
2012). Figure 3 shows the azimuthal variation of transverse component
energy surrounding the most coherent MLD pulse on radial component
RFs. With the exception of WVT, stations exhibit near-perfect 90° polarity
reversals, with reversals occurring at north to north-northwest and east to
east-northeast back azimuths (i.e., possible orientations of the anisotropic
symmetry axis). For stations CCM, BLO, and WCI, this pattern is associ-
ated with positive polarities in the northeast and southwest quadrants and
negative polarities to the northwest and southeast. Assuming the MLD
represents a fast-over-slow interface, this polarity pattern corresponds to a
north-south fast axis of symmetry or an east-west slow axis of symmetry.
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Figure 3. Transverse component receiver function po-
larities from each seismic station taken at time slices
(lower left corner) surrounding the most coherent mid-
lithospheric discontinuity pulse. Each circle represents
the polarity (red—negative, blue—positive) and amplitude
(darker colors indicate higher amplitude) of the Ps phase
at a particular back azimuth. Dashed gray lines indicate the
orientations of polarity reversals. Approximate depth to
the MLD is in the upper left corner.

Station WVT exhibits the opposite polarity pattern, which may be due to
its proximity to the Reelfoot rift or its lower quality data.

FORWARD MODELING

Forward modeling of RF data can place tighter constraints on
Earth structure beneath a seismic station. We used the RAYSUM code
to generate synthetic seismograms based on a user-defined input model
(Frederiksen and Bostock, 2000). We model structure beneath station
WCI based on its superior data quality, but similarities among transverse
component RFs at stations BLO and CCM (Fig. 3) allow us to extend
our model more generally.

We performed a series of grid searches over possible azimuths
(0°=360°, by 30°) and plunges (0°-60°, by 15°) of the anisotropic sym-
metry axes. This led to several inferences. (1) Two anisotropic layers
(i.e., an upper and lower lithosphere) could not reproduce the complex-
ity of transverse component RFs. (2) The best models exhibited a near-
horizontal anisotropic symmetry axis (~0°-15° plunge) in the upper
lithosphere. (3) A roughly north-south orientation of (fast) anisotropy in
the upper lithosphere matches the transverse component polarity rever-
sals in the actual data (Fig. 3). (4) Anisotropy in the lower lithosphere
is only weakly constrained by the data. (5) Sharp gradients in anisot-
ropy evidenced in the data do not explicitly require a colocated isotropic
velocity drop with depth (and therefore, we do not attempt to constrain
isotropic velocities).

Ultimately, a model with three anisotropic layers (i.e., multiple
MLDs that correspond to sharp changes in anisotropy) best matched RF
data at station WCI (Fig. 4). We infer a north to northwest orientation of
the anisotropic fast axes in the upper portions of the lithosphere (i.e., <~85
km), perhaps with a modest plunge of <~15°. The orientation of anisot-
ropy in the lower lithosphere (i.e., >~85 km) is less well constrained, but
data suggest a roughly eastward orientation of anisotropy with a steeper
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Figure 4. Comparison of receiver functions (RFs) from sta-
tion WCI and our synthetic model.

plunge from horizontal (~30°-60°; Fig. 5). Contour plots of model fit-
ness as a function of the anisotropic parameters (e.g., Fig. DR10), show
that the trend of anisotropy is well constrained in the upper lithosphere
(to within ~25°) and slightly less so in the lower lithosphere. Similarly,
while a near-horizontal symmetry axis in the upper lithosphere is required
by four-lobed polarity reversals in the data (e.g., Fig. 3), the plunge of a
steeply dipping symmetry axis (i.e., as is suggested for the lower litho-
sphere) is only weakly constrained.

DISCUSSION

Several mechanisms have been proposed to explain the origin of
MLDs, including partial melt (e.g., Thybo, 2006), a change in chemical
composition (e.g., Abt et al., 2010; Ford et al., 2010; Yuan and Romano-
wicz, 2010; Foster et al., 2013), a peak in attenuation due to deformation
accommodated by grain boundary sliding (Karato, 2012; Olugboji et al.,
2013), or a sharp contrast in the orientation of anisotropy (e.g., Rychert
and Shearer, 2009; Yuan and Romanowicz, 2010). With the exception of
this last category, none of these models explicitly predicts a change in the
orientation of anisotropy across the MLD, such as required by our data.

Our analysis supports the idea of multiple MLDs, which appears
to be part of an emerging trend in MLD studies (e.g., Leki¢ and Fischer,
2013; Sodoudi et al., 2013; Cooper and Miller, 2014; Hopper et al., 2014).
S-to-P RFs and surface wave studies often detect a singular MLD beneath
North America (i.e., Abt et al., 2010; Deschamps et al., 2008; Yuan and
Romanowicz, 2010; Foster et al., 2013), but are limited to low-frequency
energy. When our RFs are low-pass filtered at 1 Hz, we observe multiple
conversions due to discontinuities within the lithosphere (Fig. 2B), but
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Figure 5. Sketch of the proposed anisotropic structure
beneath the central United States. MLD—mid-lithospheric
discontinuity.

when the data are low-pass filtered at 0.5 Hz, the Ps phases coalesce and
may be interpreted as a singular MLD (Fig. 2A). Recent S-to-P RF studies,
however, have detected multiple MLDs beneath the western United States
(Leki¢ and Fischer, 2013; Hopper et al., 2014), suggesting that differences
in methodology may also influence the frequency sensitivity of RFs.

In addition to constraining multiple MLDs that correspond to sharp
changes in anisotropy, our results also indicate a well-constrained north to
northwest orientation of anisotropy in the upper lithospheric mantle (<~85
km). This contrasts with surface wave studies that have inferred a gen-
erally plate motion (approximately west-southwest) or terrane boundary
parallel (approximately northeast) orientation of anisotropy in the upper
lithosphere (Deschamps et al., 2008; Yuan and Romanowicz, 2010). We
note, however, that Deschamps et al. (2008) detected a northwest orienta-
tion of anisotropy in the lower to mid-lithosphere, and work by Yuan et
al. (2011) suggests northwest-directed or very weak anisotropy at ~70 km
depth in our study area. These discrepancies may reflect differences in
frequency content between surface waves (i.e., low frequency, sensitive
to larger structures) and body wave RFs (i.e., high frequency, sensitive
to smaller structures). Thus, RFs may detect fine-scale structures such as
relic thrust faults or boundaries between stacked slabs, while surface wave
studies may image longer wavelength features in the lithosphere, such as
a chemical boundary layer.

A more precise comparison may be drawn between our RF results
and studies of Pn (uppermost mantle P-wave) anisotropy, which is sen-
sitive to structure in the upper mantle lithosphere directly beneath the
Moho. Pn anisotropy results in our study area suggest a north-northwest
(Smith and Ekstrom, 1999) or northward (Zhang et al., 2009) orientation
of anisotropy. This matches well with the north to northwest orientation
of anisotropy that we infer for the upper lithosphere, suggesting that RF
and Pn anisotropy studies are detecting the same lithospheric anisotropy.

Although our stations are dispersed throughout the Granite-Rhyolite
Province (WCI and CCM are ~450 km apart), they exhibit a remark-
ably similar anisotropic geometry in the upper lithospheric mantle (Fig.
DRS8; ~7-10 s). The consistency of this signature across significant lateral
distances suggests that this anisotropic fabric is of a common origin (in
contrast, lithospheric anisotropy in the actively deforming western United
States varies over much shorter lengths scales; e.g., Lin et al., 2011). This
implies that (1) the anisotropy reflects the original fabric created pre-
accretion, or (2) anisotropic fabric was created by a subsequent large-scale
deformation event. The Grenville orogeny postdates the accretion of the
Granite-Rhyolite Province; however, all stations are located west of the
Grenville Front (i.e., the westward extent of Grenvillian deformation) and
are thus unlikely to have undergone significant large-scale deformation.

853



Our preferred interpretation, therefore, is that the north to northwest
orientation of anisotropy in the upper mantle lithosphere developed prior
to or during the formation of this portion of the North American craton.
Our inference of several distinct anisotropic layers, similar to observa-
tions in the Canadian shield (e.g., Bostock, 1998; Mercier et al., 2008;
Snyder, 2008), supports mechanisms for craton formation via the stack-
ing of oceanic plates during multiple subduction cycles and/or a series
of underthrusting events. (The stacked slab mechanism may explain a
contrast in anisotropy without a corresponding isotropic velocity drop if
the eclogitization of subducted oceanic crust has rendered the velocity dif-
ference between subducted basalt and peridotite undetectable; e.g., Bos-
tock, 1998.) Such mechanisms would suggest that our observed north to
northwest orientation of anisotropy in the upper lithosphere may be linked
to paleo—spreading directions or the orientations of ancient thrust faults
and shear zones.

Based on our results, models for the formation of the North American
craton, as well as mechanisms to explain MLDs, must account for sharp
changes in the orientation of anisotropy internal to the lithosphere. Our
results also suggest that the eastern North American craton was formed
via stacked slabs and/or arc accretion and underthrusting. Further char-
acterization of lithospheric structure over a range of length scales, as well
as reconciling differences among different types of seismic observations,
will continue to refine our understanding of craton formation.
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