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ABSTRACT
As North America collided with Africa to form Pangea during the Alleghanian orogeny, 

crystalline and sedimentary rocks in the southeastern United States were thrust forelandward 
along the Appalachian décollement. We examined Ps receiver functions to better constrain 
the kinematics of this prominent subsurface structure. From Southeastern Suture of the 
Appalachian Margin Experiment (SESAME) and other EarthScope stations on the Blue 
Ridge–Piedmont crystalline megathrust, we find large arrivals from a 5–10-km-deep converter. 
We argue that a strong contrast in dipping anisotropic foliation occurs at the subhorizontal 
Appalachian décollement, and propose that such a geometry may be typical for décollement 
structures. Conversion polarity flips can be explained by an east-dipping foliation, but this 
orientation is at odds with the overlying northeast-trending surface tectonic grain. We suggest 
that prior to late Alleghanian northwest-directed head-on collision, the Appalachian décol-
lement accommodated early Alleghanian west-vergence, independent of the overlying Blue 
Ridge–Piedmont structural inheritance. The geophysical expression of dipping anisotropic 
foliation provides a powerful tool for investigating subsurface kinematics, especially where 
they are obscured by overlying fabric, to disentangle the tectonic complexities that embody 
oblique collisional orogens.

INTRODUCTION
Collisional orogens provide key records 

of continental construction. Commonly, they 
evolve through sequential stages and develop 
repeatedly in the same places through time (e.g., 
the Variscan and Alpine orogens in Europe, 
Schmid et al., 2004; the Grenville and Appala-
chian orogens in North America, Hatcher et al., 
2007a). Their characteristic mosaics of rocks and 
fabrics illuminate how convergent tectonic pro-
cesses operate and how they may have evolved 
over Earth’s history (Weller et al., 2021). Struc-
tural heterogeneities (e.g., faults, foliations, and 
other weaknesses) guide prolonged and repeti-
tive deformation yet also contribute to tectonic 
complexities (Thomas, 2006). A challenge lies 
in unraveling these overprinted fabrics, and rec-
ognizing the conditions and kinematics of each, 
to better understand collisional orogens.

The southern Appalachians (USA) provide 
an ideal location for disentangling such col-
lisional complexity (Fig. 1). The surface tec-

tonic grain demonstrates a prolonged history of 
deformation and reactivation along northeast-
trending structures throughout the transpres-
sional Appalachian orogenies (Taconic, Aca-
dian–Neoacadian, and Alleghanian) that formed 
Pangea (Hatcher, 2010). However, the Appa-
lachian décollement (AD), which transported 
crystalline terranes of the Blue Ridge–Piedmont 
(BRP) megathrust and overridden sedimentary 
rocks along a master thrust in weak pelitic strata, 
formed only during Alleghanian collision (Cook 
et al., 1979). Long-lived structural heterogene-
ities that affected the overlying BRP may not 
have similarly influenced the underlying AD. 
Therefore, the BRP and AD may have distinct 
geometries and kinematics. We examined Ps 
conversions across the subsurface AD and argue 
that azimuthal polarity flips are generated from 
contrasts in dipping anisotropic foliations. Not 
only do these fabrics help constrain subsurface 
kinematics in a transpressional orogen, but their 
misorientations from an overlying tectonic grain 

also reveal depth-dependent responses to preex-
isting weaknesses (or lack thereof) during col-
lisional tectonism.

GEOLOGICAL BACKGROUND
Southern Appalachian crystalline basement 

formed mostly during the Grenville orogeny to 
build the supercontinent Rodinia (1.3–0.95 Ga; 
Whitmeyer and Karlstrom, 2007), which rifted 
apart in the late Neoproterozoic to early Cam-
brian (760–530 Ma; Thomas, 2006). A second 
Wilson cycle (Pangea) initiated as arcs accreted 
in the Taconic orogeny (462–448 Ma; Merschat 
et al., 2017), microcontinents collided in the 
Acadian–Neoacadian (395–340 Ma; Merschat 
et al., 2005), and Africa collided in the Allegha-
nian (335–260 Ma; Hatcher, 2002). Finally, Pan-
gea began to rift apart in the Triassic (210 Ma; 
McHone and Butler, 1984), opening the Atlantic 
Ocean and setting the stage for modern surface 
exposure.

Structural inheritance from both Wilson 
cycles influenced Appalachian deformation. 
For example, variations in margin sedimenta-
tion due to Rodinian rift embayments, and the 
shapes of subsequently indenting crustal blocks 
(e.g., BRP; Fig. 1), influenced the geometry and 
kinematics of the Valley and Ridge fold-thrust 
belts (Macedo and Marshak; 1999; Thomas, 
2006; Hatcher et al., 2007b). During prolonged 
Appalachian transpressional collision, the Bre-
vard fault zone repeatedly deformed with high-
temperature dextral slip during the Neoacadian, 
greenschist facies dextral reactivation during the 
early Alleghanian, and southeast-side-up cata-
clasis during the late Alleghanian (Hatcher, 
2001; Merschat et al., 2005).

One of the most elusive tectonic features 
in the southern Appalachians is the AD. It lies 
near the base of a multiple-kilometer-thick pack-
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age of Paleozoic shelf strata, is overthrust by 
the BRP, and accommodated hundreds of kilo-
meters of Alleghanian displacement (Hatcher 
et al., 2007b). AD geometry has been explored 
by numerous seismic profiles (e.g., Consortium 
for Continental Reflection Profiling [COCORP], 
Cook et al., 1979; McBride et al., 2005; Appa-
lachian Ultradeep Core Hole [ADCOH], Coruh 
et al., 1987; Southeastern Suture of the Appa-
lachian Margin Experiment [SESAME], Parker 
et al., 2015; Hopper et al., 2017). However, stan-
dard active/passive source experiments do not 
resolve three-dimensional geometry or anisot-
ropy without specialized approaches, so AD sub-
surface kinematics and associated fabrics are 
poorly understood. Therefore, AD deformation 
and reactivation history remains an enticing tar-
get for interdisciplinary structural and geophysi-
cal research.

PS RECEIVER FUNCTIONS
We examined Ps receiver functions from 

EarthScope Transportable Array and SESAME 
stations in the southern Appalachians (Fig. 1). 
Traditional smoothed common conversion point 

(CCP) stacks along the SESAME profiles show 
prominent conversions at the Moho (Parker et al., 
2013; Hopper et al., 2017); however, some conver-
sions also vary with backazimuth near AD depths 
(∼5–10 km in Fig. 2C; Parker et al., 2015). To 
investigate these crustal structures, we analyzed 
conversions in radial and tangential components ​​
that reveal azimuthally varying harmonic arrivals 
with 360°-periodicity (A1; Levin and Park, 1998) 
following methods outlined by Schulte-Pelkum 
and Mahan (2014). A1 arrivals are particularly 
useful for imaging contrasts in dipping anisotro-
pic foliation: strike is constrained at polarity flips 
between updip versus downdip conversions (red/
blue Ps wavefronts in Fig. 2A; see a worked exam-
ple in Figure S5 in the Supplemental Material1; 

Schulte-Pelkum et al., 2020a). Some conversions 
exhibit additional azimuthal complexity (e.g., A2; 
180°-periodicity; Brownlee et al., 2017), but this 
paper targets A1 behavior.

The largest A1 arrival per station varies in 
strike, depth, and amplitude (Fig. 1), but with 
notable spatial trends. A1 arrivals have small 
amplitudes across varied crustal depths in the 
Interior Plains and Appalachian Plateau. Also, 
A1 strikes and depths are scattered in the Coastal 
Plain basin strata of southern Georgia and south-
ern South Carolina. However, a prominent con-
centration of large-amplitude conversions with 
north-south strikes at ∼5–10 km (a similar depth 
as the AD; Cook et al., 1979) is centered near 
the junction of North Carolina, South Carolina, 
and Georgia, including the SESAME D-line. We 
focus on these large-amplitude A1 arrivals (e.g., 
Fig. 2B) from stations on the BRP.

STRUCTURAL COMPARISONS
To test if subsurface features correlate with 

exposed structure, we compared the orienta-
tion of A1 strikes to surface tectonic grain. 
First, we examined correlations between A1 

1Supplemental Material. Digitized structural atti-
tudes from the Greenville 1×2° quadrangle (Nelson 
et al., 1998) and accompanying stereonets, CCP stacks 
and accompanying A1 trace profiles from SESAME 
D-W-lines, as well as a table of receiver function A1 
arrivals with accompanying worked example and 
waveform plots. Please visit https://doi​.org​/10​.1130​/
GEOL.S.20477700 to access the supplemental material, 
and contact editing@geosociety.org with any questions.

Figure 1.  Simplified map of the southern Appalachians. Tectonic provinces (grays; Hatcher et al., 2007a) include the Interior Plains–Appa-
lachian Plateau (IPAP), Valley and Ridge (V&R), Blue Ridge (BR), Inner Piedmont (IP), Carolina Terrane (CT), and Coastal Plain (CP). Blue 
Ridge–Piedmont (BRP) = BR + IP + CT. Faults (black lines; Reed et al., 2005) include the Blue Ridge thrust (BRt), Brevard fault zone (Bf), and 
Central Piedmont suture (CPs). For each station, the largest A1 arrival (bar) is oriented by strike, colored by depth, and sized by amplitude. 
SESAME—Southeastern Suture of the Appalachian Margin Experiment; TA—Transportable Array; D22 to D02—cross section in Figure 2.
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strikes and regional foliation. Large structural 
databases do not yet exist (to our knowledge) 
across the study area, so we digitally georefer-
enced foliation data from the Greenville 1×2° 
quadrangle (Nelson et al., 1998; Table S1). 
Most foliations strike northeast or are subho-
rizontal, and generally do not align with the 
north-striking A1 arrivals (Fig. S1). The folia-
tion data set is limited in regional extent, so 
we made a second comparison with mapped 
surface fault traces from the 1:5,000,000 scale 
geologic map of North America (Reed et al., 
2005) because the faults seamlessly extend 
across a much larger region. Faults serve as a 
proxy for surface tectonic grain in the southern 
Appalachians because their mapped traces are 
generally subparallel to foliations, fold traces, 
and lithologic contacts (Hatcher et al., 2007a). 
We split fault polylines into line segments and 
calculated their trends using ESRI ArcGIS Pro 
software (https://www​.esri​.com​/en-us​/arcgis​/
products​/arcgis-pro​/overview). Within 50 km of 
each seismic station, we selected all segments 
and used Orient 3 software (Vollmer, 2015) to 
calculate their undirected circular axial means 
(i.e., fault trends ± 180°). To quantify misori-
entation within each station footprint, we cal-
culated the acute angular difference between 
A1 strike versus mean fault trend (Frothingham 
et al., 2022).

In most of the Valley and Ridge as well as 
the northeastern BRP in central North Carolina 
and Virginia, A1 strikes closely parallel the sur-
face tectonic grain (Fig. 3). However, a large 
portion of the BRP shows prominent counter-
clockwise A1 misorientations. We discuss these 
north-striking A1 arrivals that are at odds with 
the northeast-trending tectonic grain.

DISCUSSION
East-Dipping Fabrics Above the 
Appalachian Décollement

Unsmoothed CCP stacks show a promi-
nent contrast from ∼5–10 km depth (red/blue 
in Fig. 2C). While a common assumption is 
that a shear-related foliation would parallel the 
boundaries of the AD or similar décollements 
(e.g., Hopper et al., 2017; Long et al., 2019), such 
a geometry would not generate A1 polarity flips.

Our results and previously unexplained azi-
muthal variations across the AD (e.g., Parker 
et al., 2015) require an inclined foliation (2+ km 
thickness; Schulte-Pelkum and Mahan, 2014) 
that terminates at a subhorizontal interface. The 
observed A1 peak (Fig. 2B) is generated by a 
contrast of an overlying east-dipping anisotro-
pic foliation against the underlying basement. 
This anisotropy could be caused by clay align-
ment (e.g., Johnston and Christensen, 1995) in 
duplexed shelf strata (Coruh et al., 1987), or by 

aligned mica in phyllite to schist to mylonite 
(Godfrey et al., 2000; Ward et al., 2012) in more 
deeply buried and metamorphosed equivalents 
near the collisional hinterland (e.g., Dennis, 
2007; Merschat et al., 2017). Moreover, an east-
true-dipping foliation above the AD remains 
compatible with previous interpretations (Coruh 
et al., 1987) of imbricate faults and duplexes 
with southeast apparent dips along northwest–
southeast ADCOH profiles (Fig. 4A).

A second and structurally higher conversion 
could theoretically occur at the base of the BRP 
megathrust (e.g., Parker et al., 2015), but we 
do not find this second A1 arrival. Therefore, a 
contrast in dipping fabric anisotropy across this 
boundary appears minimal compared to the AD. 
Furthermore, the single prominent A1 arrival 
cannot originate from the upper contact of east-
dipping fabrics because such a geometry would 
generate an opposite polarity than is observed 
(Schulte-Pelkum et al., 2020a), and a conversion 
from the BRP megathrust’s lower contact does 
not explain arrivals at stations outside the BRP 
(e.g., D22 in Fig. 2).

We propose that azimuthally varying receiver 
functions can elucidate the AD and other inac-
tive structures (e.g., Frothingham et al., 2022) 
just as they can for active structures (e.g., Zandt 
et al., 2004; Schulte-Pelkum et al., 2005). Future 
seismic imaging of any active or extinct sub-

A

B

C

Figure 2.  (A) Southeastern Suture of the Appalachian Margin Experiment (SESAME) D-line and W35 stations overlie a schematic cross sec-
tion (D22–D02 in Fig. 1); adapted from Coruh et al. (1987), Hatcher et al. (2007a), and Parker et al. (2013). (B) A1 trace profile for stations in A. 
(C) Radial component, unsmoothed common conversion point (CCP) stack from stations in panel A. P-waves (white wavefronts in A) convert 
to S-waves (Ps; colored) across the Appalachian décollement (AD), generating A1 arrivals (1 s in B) with positive polarity amplitudes (red) 
from the west (e.g., D19 in A and C) or northwest (e.g., D22) and negative (blue) from the east or southeast. The Moho (M) also generates 
conversions (C; Parker et al., 2013) but without an A1 polarity flip as seen in B.
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surface structure with dipping fabric anisot-
ropy may also benefit from azimuthal analysis, 
which could similarly reveal compelling tec-
tonic implications.

Misorientation Between A1 Strikes and 
Surface Tectonic Grain

Crustal A1 strikes should generally align 
with tectonic grain (e.g., white bars in Fig. 3; 
Schulte-Pelkum et  al., 2020b; Frothingham 
et  al., 2022). Therefore, the misorientation 
between the northeast-trending faults and north-
striking A1 arrivals (red bars in Fig. 3) is unex-
pected. We propose that lithologic and structural 
variations with crustal depth can explain this dis-
crepancy (e.g., Fig. 4; Cook et al., 1979; Coruh 
et al., 1987; McBride et al., 2005). However, if 
structurally overlying and underlying features 
were each reactivated or deformed at least partly 
during the Alleghanian orogeny (Hatcher, 2001), 
then why would they have different geometries?

We interpret a deformation sequence with 
variable influences of preexisting weaknesses to 
explain the subsurface fabrics and their misori-
entations with surface structures (Oldow et al., 
1990). Northeast-trending structures in the BRP 

were the cumulative results of the Taconic, Neo-
acadian, and Alleghanian orogenies (Hatcher, 
2001; Merschat et  al., 2017), but the AD is 
solely Alleghanian (Cook et al., 1979). While 
the northeast-trending structural inheritance in 
the BRP influenced subsequent reactivation, the 
underlying AD should not have had such struc-
tures. Instead, preexisting weaknesses above the 
AD were likely in subhorizontal strata (Coruh 
et al., 1987). Therefore, imbricate deformation 
fabrics that sole down to the AD would strike 
perpendicular to the convergence direction with 
little influence from the BRP tectonic grain (e.g., 
Fig. 4; Hatcher et al., 2007b).

Along a SESAME D-line southeast to 
northwest transect, A1 strikes generally show a 
clockwise change in orientation as they transi-
tion from being orthogonal to nearly parallel to 
the surface tectonic grain (Fig. 3). We propose 
two end-member scenarios that could explain 
these spatial variations. In one case, differently 
oriented subsurface fabrics formed coevally. 
Previous work suggests that existing structures 
(Hatcher, 2001; Merschat et  al., 2005) and 
along-strike variations in promontory/embay-
ment geometries may have deflected local ver-

gence during Appalachian collision (Macedo 
and Marshak, 1999; Thomas, 2006; Hatcher 
et al., 2007b). Possibly the Brevard fault zone 
and other northeast-trending rigid tectonic but-
tresses also localized Alleghanian AD vergence, 
simultaneously as southwest-, west-, and north-
west-directed, depending on the structural loca-
tion from hinterland to foreland.

An alternative scenario is that A1 strikes and 
associated foliations reveal in-sequence (fore-
land-propagating), spatio-temporal deformation 
along the AD. Previous work corroborates this 
second hypothesis. Temporal clockwise rota-
tion of Alleghanian transpressional convergence 
(from early southwest- to west- to late northwest-
directed; Hatcher, 2002; Hatcher et al., 2007a) is 
compatible with the spatial variations of north-
west- to north- to northeast-striking A1 arrivals 
along the SESAME D-line (Fig. 1). The promi-
nent set of north-striking arrivals also adds evi-
dence for an otherwise cryptic period of west-
vergence (e.g., Evans, 2010) on the AD, which 
may be coeval with early Alleghanian dextral 
reactivation of the overlying and northeast-
striking Brevard fault (Fig. 4; Hatcher, 2001). 
Perhaps only during late Alleghanian head-on 

Figure 3.  Comparison map showing A1 strikes versus surface tectonic grain from Figure 1. Each station’s largest A1 arrival strike (bar) is 
colored by its circular angular difference from the mean trend of all faults (black lines) within 50 km. IPAP—Interior Plains–Appalachian Pla-
teau; V&R—Valley and Ridge; BR—Blue Ridge; IP—Inner Piedmont; CT—Carolina Terrane; CPs—Central Piedmont suture; Bf—Brevard fault 
zone; BRt—Blue Ridge thrust.
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collision did inboard fabrics develop parallel to 
the strong, northeast-trending tectonic grain (e.g., 
D22 in Fig. 3; Hatcher et al., 2007b). Recognizing 
these distinctly oriented fabrics in the subsurface, 
especially where they are obscured by an oblique 
tectonic grain on the surface, provides a power-
ful tool for identifying deviations from simplis-
tic head-on kinematics—whether in the Appala-
chians or other collisional orogens worldwide.
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