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Figure 3-2 Schematic block diagrams illustrating two competing hypotheses for 
possible surface deformation in the Eastern Tennessee seismic zone 
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(USGS EHP, 2017). (b) Hypsometric integrals (HIs) of catchments 
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shown in (b). (d) Uninterpreted and (e) interpreted slopeshade map of 
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slip motion on east-west or north-south faults, following analyses of recent seismicity (Chapman 
et al., 1997; Dunn and Chapman, 2006; Daniels and Peng, 2022) and the modern stress field 
(Levandowski et al., 2018). In our analysis, neotectonic mapping of high-resolution lidar data 
reveals a concentration of lineaments with east-west orientations, with some corresponding to 
previously mapped east-west faults that crosscut the northeast-southwest regional structural 
grain from the Paleozoic orogeny. A morphotectonic analysis of catchments and river segments 
within the same lithology indicates subtle differences that may be indicative of a longer-term 
tectonic uplift signal. These changes in morphotectonic metrics spatially correspond to newly 
mapped lineaments and previously mapped east-west trending faults. Within a regional 
framework, we suggest that diffuse surface deformation associated with deep seismicity is 
accommodated on a network on east-west faults. However, further work is needed to better 
understand the potential late Pleistocene fault activity of these lineaments, and we propose that 
the ETSZ is still best characterized as an area source in seismic hazard models. 

The final chapter presents preliminary work to create a geographic information system (GIS) 
database of recent studies analyzing surface and subsurface datasets and interpretations in the 
Charleston seismic zone, South Carolina. This GIS database will serve as a foundation for 
future work to analyze new quality level 1 (QL1; <0.5 m resolution) lidar data over the 1886 
magnitude (M) 7 Charleston epicentral region to identify possible fault source sources 
responsible for the 1886 or other surface-rupturing events. This chapter briefly summarizes 
three new subsurface datasets, including seismic reflection (Pratt et al., 2022; Liberty, 2022) 
and seismicity data (Chapman et al., 2016), and one new surface dataset (Marple and Hurd, 
2020), and their interpretations of potentially active lineaments and faults in the region. 
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1   EVIDENCE FOR LATE QUATERNARY DEFORMATION ALONG 
CROWLEYS RIDGE, NEW MADRID SEISMIC ZONE 

This section of text is reproduced from Thompson Jobe et al. (2020a). 

1.1 Abstract 

The New Madrid seismic zone has been the source of multiple major (M ~7.0-7.5) earthquakes 
in the past 2 ka, yet the surface expression of recent deformation remains ambiguous. Crowleys 
Ridge, a linear ridge trending north-south for 300+ km through the Mississippi River 
embayment, has been interpreted as either a fault-bounded uplift or a non-tectonic erosional 
remnant. New and previously published seismic reflection and shallow resistivity data show 
discontinuities at the ridge margins in Pliocene-Pleistocene strata, yet the timing of most recent 
faulting and the lateral extent of these faults remains unknown. To assess Pleistocene-to-recent 
tectonic activity of Crowleys Ridge, we perform landscape-scale geomorphic analyses, such as 
relief, slope, hypsometry, and drainage basin shape, on a 10-m digital elevation model (DEM). 
North-to-south variations in geomorphic indices indicate Pleistocene-to-recent tectonic uplift of 
the southern ridge. Moreover, mapping on a <1-m lidar-derived DEM reveals scarps on late 
Pleistocene geomorphic surfaces. The scarps are primarily located along the southern ridge, 
trend parallel to the ridge margin discontinuously for 0.1-1 km, and vertically offset <56-ka 
surfaces by 0.4 m with up to 6 m of tilting. These landscape-scale patterns and scarps, 
integrated with discontinuities in the seismic reflection and resistivity data, provide evidence of 
low-rate (<0.2 mm/yr) late Quaternary tectonic activity along the southern segment of Crowleys 
Ridge. The interpretations agree with recent tectonic models indicating southern Crowleys 
Ridge is a compressional step-over in a right-lateral fault system within the Reelfoot rift.

1.2 Introduction 

Slow-rate, distributed tectonic deformation in landscapes is often challenging to detect. Although 
geodesy and historical seismic records can provide information about the location of active 
faults over decadal timescales, these techniques do not capture the longer-term record of 
deformation, such as earthquake recurrence intervals or landscape response to active tectonics. 
Moreover, geodesy and the seismic record work well in high-strain regions, like plate-boundary 
settings, where deformation may be unambiguously expressed. But in low-strain, intraplate 
settings, long recurrence intervals on faults (Crone et al., 2003; Tuttle and Atkinson, 2010) and 
near-zero regional strain accumulation over shorter timescales (Galgana and Hamburger, 2010; 
Craig and Calais, 2014), in addition to the storage of long-term tectonic strain in intraplate 
settings (Craig et al., 2016), often mask the activity of potentially-active faults, and may result in 
underestimating the seismic hazard in the region (Stein et al., 2017). 

Digital topographic analysis of the landscape has emerged as a tool to identify regions of uplift 
and locate individual faults, providing a better understanding of deformation in low rate, 
intraplate regions. The advent and increasing accessibility of high-resolution topographic 
datasets, through programs such as the U.S. Geological Survey (USGS) three-dimensional (3D) 
Elevation Program (3DEP) (Sugarbaker et al., 2017), has facilitated identification of active and 
potentially active faults that have shaped the landscape (Haugerud et al., 2003; Sherrod et al., 
2004; Cunningham et al., 2006; Gold et al., 2013). Furthermore, digital topographic analysis of 
landscapes using geomorphic indices on lower-resolution digital elevation models (DEM), such 
as the 30-m Shuttle Radar Topographic Mission (SRTM) and 10-m National Elevation Dataset 
(NED) DEMs, has identified signatures of low-rate tectonic activity in areas typically thought to 
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be tectonically quiescent or slowly deforming (Pedrera et al., 2009; Font et al., 2010; Giaconia 
et al., 2012; Ntokos et al., 2016; Marliyani et al., 2016). 

We focus on the New Madrid seismic zone (NMSZ), which is one of the most seismically active 
areas east of the Rocky Mountains in North America (Figure 1-1; Johnston and Schweig, 1996; 
Petersen et al., 2014, 2018). In general, deformation rates in the region are slow (Craig and 
Calais, 2014), faults are blind, and surface deformation from recent earthquakes tends to be 
distributed (Van Arsdale, 2000). Moreover, on-going fluvial modification and anthropogenic 
activity can mask or remove records of recent tectonic activity, complicating the identification 
and interpretation of faults outside of the zones of active seismicity and historical earthquakes. 
Our study centers on Crowleys Ridge, a north-south trending ridge located in the Mississippi 
embayment whose origin has been debated (Figure 1-1). Whereas some studies interpret the 
ridge as an erosional remnant created by incision from the paleo-Mississippi and paleo-Ohio 
Rivers during the Pleistocene (Fisk, 1944; Guccione et al., 1986; Van Arsdale et al., 1995), 
seismic reflection data reveal that at least part of the ridge is fault-bounded (Van Arsdale et al., 
1995), and paleoseismic studies indicate that the northern part of the ridge is active (Baldwin et 
al., 2006). Recent work supports the interpretation that both erosion and uplift have played a 
role, with Pleistocene denudation in the Mississippi embayment inferred to have created an 
isostatic response that has reactivated existing faults within the NMSZ and along the margins of 
Crowleys Ridge (Van Arsdale et al., 2019). However, the timing of fault activity remains in 
question, and the limited active seismicity near the ridge is not clearly associated with these 
faults (Figure 1-1b). Previously published seismic reflection data show vertically offset 
Cretaceous and Eocene units (Van Arsdale et al., 1995), but the basal Quaternary contact is 
often poorly imaged, and fault displacements cannot be reliably traced to the surface, 
preventing identification of faults that were potentially active in the late Pleistocene and 
Holocene. Moreover, due to the limited seismicity, constraints on recency of faulting, estimates 
of potential fault slip magnitudes and rates, the faults bounding Crowleys Ridge are not currently 
included as discrete, independent seismic sources in regional or national seismic hazard 
models such as the Central and Eastern United States Seismic Source Characterization model 
(CEUS-SSC; U.S. Department of Energy et al., 2012) or the National Seismic Hazard Model 
(NSHM; Petersen et al., 2014, 2018). If active, these faults represent a seismic source(s) that 
warrants consideration for possible inclusion in future seismic hazard models. 

We assess potentially active and recent deformation of Crowleys Ridge using a three-pronged 
approach to interrogate the landscape at different scales and integrate available subsurface 
data: (1) we use a landscape-scale approach, examining the topography, catchments, and 
stream networks to detect patterns or signals that may indicate tectonic activity over late 
Pleistocene timescales; (2) we identify scarps on the landscape near the margins of Crowleys 
Ridge that offset late Pleistocene geomorphic surfaces using recently available high resolution 
(<1 m) lidar data; and (3) we integrate our topographic analysis with new and reinterpreted 
legacy seismic reflection and new airborne resistivity data to assess whether scarps correspond 
to faults or folds mapped in the subsurface. Together, these datasets support the interpretation 
that Crowleys Ridge is a tectonically active stepover structure and facilitate a reinterpretation of 
the regional active fault network and seismic hazard.

1.3 Geologic Setting

The NMSZ is seismically active (Figure 1-1) and considered an area of elevated earthquake 
hazard (Petersen et al., 2014, 2018), in large part because of a series of large (M>7) 
earthquakes in 1811-1812 (Johnston and Schweig, 1996) and paleoseismic evidence for M>6 
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(Baldwin et al., 2006). Furthermore, sand blows and other paleoliquefaction features record mid-
Holocene to recent tectonic activity along faults of the eastern and western margins of the 
Reelfoot rift near the Marianna water gaps and Paragould, respectively, along the Axial fault 
(Figure 1-1), and northwest of the St. Francis water gap (Figure 1-2b; Tuttle, 2001; Tuttle et al., 
2002, 2006, 2019). 

1.3.2 Legacy seismic reflection data

Legacy shallow seismic reflection data, collected primarily in the early 1990s, cross the central 
and southern margins of Crowleys Ridge (Figure 1-2a; Nelson and Zhang, 1991; Van Arsdale et 
al., 1992, 1995; Stephenson et al., 1999) and show that Crowleys Ridge is fault-bounded. The 
faults observed in the seismic data vary widely in their orientations and apparent sense of slip. 
Along the western margin of southern Crowleys Ridge, seismic lines (RV1, RV9, and RV10, 
Figure 1-2a) indicate down-to-the-west faulting, with limited post-Eocene displacement. Down-
to-the-east faulting is observed on the eastern margin of the southern ridge (RV2 and RV11, 
Figure 1-2a). A deeper, longer seismic line (COCORP AR-6, coincident with RV1 and RV2) 
supports these interpretations (Nelson and Zhang, 1991). Farther north in central Crowleys 
Ridge, two seismic lines on the eastern margin (RV5 and RV7, Figure 1-2a) near the town of 
Jonesboro show more complicated geometries, with horsts, grabens, and broad anticlinal 
folding present in the pre-Tertiary section, and apparent reverse offset in the post-Eocene 
section with an apparent vertical offset of 3.5 m of the base of Quaternary reflectors. On the 
western margin at the same latitude (RV4 and RV8, Figure 1-2a), four to five apparent normal 
faults offset strata of Cretaceous age, the Paleocene Midway Group, and the Eocene Wilcox 
Group, with apparent vertical offsets ranging from 12 to 61 m. 

Together, the seismic reflection data support the interpretation that the ridge is fault-bounded, 
with most of the apparent vertical displacement (~90%; 60 of 67 m) Paleocene to Eocene in age 
(Van Arsdale et al., 1995). Because both apparent normal and reverse displacement are 
observed over relatively short distances on some of the faults in the seismic reflection profiles, 
they have been interpreted as the upper portions of flower structures (i.e., RV5 in Van Arsdale 
et al., 1992, 1995). However, near-surface, post-Eocene strata have been interpreted to have a 
maximum vertical offset of only 8 m (Van Arsdale et al., 1995) on existing two-dimensional (2D) 
lines, indicating that the present-day topographic relief of Crowleys Ridge only partially results 
from faulting. If this is the case, much of the observed relief may be due to Pleistocene incision 
from the ancestral Mississippi and Ohio Rivers, and Crowleys Ridge is best understood as a 
tectonic landform that has been heavily modified by major river systems.

1.4 Methods

1.4.1 Landscape analysis

We calculated commonly derived landscape metrics to assess potential tectonic deformation 
recorded in the geomorphology of Crowleys Ridge. We divided the Crowleys Ridge landform 
into 194 catchments of >5 km2 and calculated metrics for each catchment, including average 
and maximum slope, hypsometry (hypsometric integral and curves; a measure of the 
distribution of elevation within a catchment), drainage basin elongation, and drainage basin 
relief, in addition to ridge and topographic asymmetry. These parameters were calculated using 
TopoToolbox, an open-source toolbox for MATLAB (Schwanghart and Kuhn, 2010; 
Schwanghart and Scherler, 2014), and QGIS v2.18.9 on the 10-m NED DEM available through 
the USGS National Map program (https://apps.nationalmap.gov/downloader/). To identify north-
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to-south variations in these parameters along the ridge, we selected a centerline that extends 
for ~350 km from north to south through the approximate center of the ridge. The midpoint of 
each catchment was then projected onto this centerline.

We focus on parameters that have been shown to correlate with tectonic activity, including 
mean and average slope, hypsometric integral, basin relief ratio, and the basin elongation ratio 
(Table 1-1), assuming a uniform bedrock lithology, climate, and base-level history (Strahler, 
1952; Schumm, 1956; Wobus et al., 2006; Lifton and Chase, 1992; Mahmood and Gloaguen, 
2011). Some parameters, such as the hypsometric integral (Strahler, 1952), have been shown 
to be scale or catchment-size dependent (Willgoose and Hancock, 1998; Hurtrez et al., 1999a; 
Mahmood and Gloaguen, 2011; Rabii et al., 2017) and sensitive to the catchment bedrock 
lithology (Hurtrez and Lucazeau, 1999). Regardless, the hypsometric integral has been shown 
to correlate with tectonic activity for larger catchments (>1000 km2) but there is a stronger 
lithologic influence on smaller scales (<100 km2) (Lifton and Chase, 1992), similar to the scales 
of catchments along Crowleys Ridge. Numerous studies have successfully used this metric to 
broadly define areas of uplift and tectonic activity (Hurtrez et al., 1999b; Lifton and Chase, 1992; 
Mahmood and Gloaguen, 2011; Rabii et al., 2017), even in regions of slightly variable lithology 
(Rabii et al., 2017). Generally, hypsometric integrals with values >0.6 with convex hypsometric 
integral (HI) curves are considered youthful landscapes, values between 0.35 and 0.6 with s-
shaped curves are considered mature landscapes, and concave curves with HI below 0.35 are 
considered older, eroding landscapes (Strahler, 1952).

Higher average slope and basin relief ratios have also been found to correlate with higher rates 
of tectonic activity (Montgomery, 2001; Figueroa and Knott, 2010). Basin elongation ratio may 
indicate tectonic activity on one side of a mountain range (Bull and McFadden, 1977). Low basin 
elongation values (<0.6) are generally regarded as an indicator of tectonic activity (Strahler, 
1964; Bull and McFadden, 1977).

Previous regional-scale geologic mapping (Meissner, 1984) and well log data indicate that most 
of Crowleys Ridge is underlain by relatively uniform lithology (Figure 1-2a; Fisk, 1944; Van 
Arsdale and ten Brink, 2000). We also assume that because all streams draining Crowleys 
Ridge eventually join the Mississippi River just south of Crowleys Ridge, the streams have 
experienced a similar regional base level history. Base level is defined as the lower limit of the 
landscape below which rivers cannot erode (Powell, 1875). If base level changes due to tectonic 
(i.e., surface elevation change due to faulting) or fluvial (i.e., avulsion) mechanisms/processes, 
the lower topographic limit of the landscape changes and the hillslopes and channels will 
respond by either becoming gentler or steeper. Avulsions and migration of the rivers during the 
latest Pleistocene and Holocene may have a minor effect on the local base level for certain 
catchments (see “Discussion” Section 1.6). 

Channel steepness and the identification of knickpoints are often used to infer tectonic activity 
on a landscape scale (Kirby and Whipple, 2001; Wobus et al., 2006). We attempted to calculate 
channel steepness and identify knickpoints along streams draining Crowleys Ridge. The 
analysis was complicated by substantial anthropogenic modifications to the landscape, including 
numerous humanmade holding ponds and dams, channel modifications following the 
construction of roads, and extensive channelization of waterways for agricultural use (e.g., 
Tarolli and Sofia, 2016). In addition, the overall low relief of the landscape (<100 m) and humid 
subtropical climate results in channel steepness indices that were too similar to draw any 
conclusions. Therefore, we do not rely on these common metrics to identify areas of uplift and 
faulting in the landscape. 
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1.4.2 Surficial mapping

Lidar has proven to be a powerful tool to identify and analyze faults in the CEUS. However, 
studies to date have focused on analyzing previously identified faults, such as the Cheraw fault 
(Ostenaa and Zellman, 2018), Meers fault (Streig et al., 2018), and Reelfoot fault (Delano et al., 
2018). Here, we use lidar to map previously unidentified scarps and warps along Crowleys 
Ridge that may be associated with recent fault ruptures.

To assess possible tectonic deformation and, in particular, surface rupture recorded by fault 
scarps along the margins of Crowleys Ridge, we mapped suspected fault-related features on 
the 1-m bare-earth lidar DEM based on the following criteria: (1) the scarp or fold appears to 
offset correlative surfaces; (2) the scarp or fold is not directly parallel to an active fluvial system 
or obvious paleo-fluvial system; and (3) the apparent scarp or warp does not appear to be 
anthropogenic in origin. To determine whether an apparent fault-related feature may be 
anthropogenic in origin, we compared features mapped from topography with satellite imagery, 
in addition to visiting several key sites in the field (described below). 

Mapped fault-related topographic features are classified into three categories based on their 
geometry and characteristics (Figure 1-2b; Figure 1-4): (1) fault scarps, where discrete 
discontinuities offset a surface with similar gradients on either side over a relatively short 
distance (<50 m); (2) fold scarps, defined as a gentle, broad warping of the surface by 0.5-2 m 
over a distance of 50-300 m; and (3) scarps or lineaments of unknown origin, where a lineament 
is clearly present across a surface. This latter class of scarps may be of tectonic origin or may 
be relict fluvial terrace risers or historical humanmade features that have since been heavily 
modified and are not obvious in present-day imagery or in the field. 

We rely on previously published mapping and age constraints of terrace and braid belts, and we 
use the channel and braid belt terminology of Rittenour et al. (2007). Geomorphic surfaces, 
such as alluvial fans or fluvial terraces that appeared to be younger than the adjacent broader 
braid belt, were mapped in additional detail and were assigned either a maximum or minimum 
age based on the relationship with the nearby braid belts (Rittenour et al., 2007). 

From the surficial mapping, we calculate vertical separation and fault slip rates using a Monte 
Carlo approach with 50,000 trials, where all variables (linear fits to upper and lower surface, age 
of surface, position of fault on the scarp, and fault dip) are treated as normal distributions 
around a mean (Thompson et al., 2002; Amos et al., 2007; Thompson Jobe et al., 2017). 

1.4.3 Subsurface data

1.4.3.1 Seismic data collection and processing 

To augment previous seismic imaging across the margins of Crowleys Ridge (Nelson and 
Zhang, 1991; Van Arsdale et al., 1995), we collected an 11.0-km-long high-resolution mini-
vibrator P-wave source profile (CRmv line; Figure 1-2) across southern Crowleys Ridge in 2006 
(Table S1 in Thompson Jobe et al., 2020a, Table A-1).  Five-meter source and receiver intervals 
with 144 recording channels resulted in 72-fold data. We collocated CRmv with the deep-
focused Consortium for Continental Reflection Profiling (COCORP) profile AR6 acquired with 
100-m source and geophone group intervals (Nelson and Zhang, 1991) and shallow-focused 
profiles RV1 and RV2 collected with 15.2-m geophone and source intervals (Van Arsdale et al., 
1995). The imaging depth range for CRmv is ~50- to 800-m. The data were collected in time 
and depth converted and processed using conventional techniques (Table A-2). Compared to 
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earlier seismic imaging, this data acquisition approach improved subsurface imaging of reflector 
continuity on the margins of the ridge in the upper 800 m.

To tie reflectors to specific geologic formations, we followed the work of previous seismic 
reflection studies in the NMSZ, which used petroleum test wells in the region, some of which are 
located near Crowleys Ridge, to assign depths to imaged reflectors (Renfroe, 1949; Dart, 1992; 
the New Madrid test well 1-W: Crone, 1981; Frederiksen et al., 1982; the Fort Pillow test well in 
Lauderdale County, Tennessee: Moore and Brown, 1969). In addition, we relied on depths of 
key reflectors from published seismic lines that pass over Crowleys Ridge (Nelson and Zhang, 
1991; Van Arsdale et al., 1995). We used an average velocity function derived from stacking 
velocities to convert from time to depth. 

1.4.3.2 Airborne electromagnetic data collection and processing

Regional-scale airborne electromagnetic (AEM) data were recently acquired as part of a large 
regional water availability study throughout the Mississippi alluvial plain (Alhassan et al., 2019; 
Minsley et al., 2019). In coordination with this project, we acquired an additional ~400 km of 
linear AEM data along 24 17-km-long flight lines with 1.5-km line spacing centered on a portion 
of southern Crowleys Ridge in early 2019 (Table S4 in Thompson Jobe et al., 2020a). In this 
study, we show two of the lines that coincide with mapped scarps to highlight the applicability of 
this new dataset to neotectonic problems. The AEM data were acquired with the CGG Resolve 
frequency-domain instrument, resulting in high-resolution continuous profiles of electrical 
resistivity structure to depths of up to about 100 m along flight paths (Siemon et al., 2009).  Raw 
data were averaged to 25-m output intervals, and were inverted for subsurface resistivity 
structure using the Aarhus Workbench software (Table A-3, Auken et al., 2015). In the 
neighboring regions of the alluvial plain, high resistivity values in the upper 30-80 m agree with 
borehole depths to the base of the aquifer in Quaternary units, with low resistivity beneath the 
aquifer associated with buried Pliocene units.

1.4.4 Field observations

We targeted specific locations to field check the mapped scarps and lineaments. At each site, 
we assessed the mapped offset correlative surface, checked for recent anthropogenic 
modification or erosion of the scarps, observed lateral continuity and microtopography along the 
scarps, and measured topographic profiles using an auto-level and a handheld global 
positioning system (GPS) unit to estimate the apparent vertical offset and compare against 
vertical offsets measured from the lidar data.  

1.5 Results

1.5.1 Landscape analysis

Our landscape analyses reveal substantial north-to-south changes in the topography and 
landscape metrics of Crowleys Ridge (Figure 1-3). Swath topographic profiles extracted across 
Crowleys Ridge illustrate the changing asymmetry of the ridge along its length (Figure 1-3). The 
northern and central ridge is ~15-km wide on average, and the drainage divide alternates east 
to west across the ridge whereas topographic asymmetry switches between steeper western 
and eastern margins (Figure 1-3, profile A). The southern ridge is ~7-km wide on average, and 
the topography is relatively symmetric in the northern half, with steep eastern and western 
margins. The southern half of the southern ridge exhibits a pronounced steeper eastern margin 
(Figure 1-3, profile B).
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1.5.2 Late Pleistocene and Holocene scarps, folds, and warps

We focus on two geomorphic features typically associated with active faults: fault scarps and 
surficial folds or warps. We describe surficial folds and warps as ‘fold scarps’ to convey their 
association with near-surface displacement of buried faults and because net vertical 
displacement of correlative geomorphic surfaces occurs in the far field across these features.

Faults scarps mapped along Crowleys Ridge are typically parallel to the margin of the ridge 
(Figure 1-2b). In general, scarps show a down-to-the-east sense of displacement on the eastern 
margin, and a down-to-the-west sense of displacement on the western margin. Fault scarps are 
mapped with lengths of 300 m to 1 km, with vertical separation of 0.4 to 6.0 m and tilting that 
has resulted in up to 6 m of vertical separation (Figure 1-3a, Figure 1-8, Figure 1-9, Figure 1-10, 
Figure 1-11). 

Fold scarps are broad with length scales of 50-300 m and amplitudes of 0.3 to 1 m (Figure 1-
3a). Fold scarps often extend beyond the ends of fault scarps, which may be interpreted as 
blind faulting. 

Scarps or lineaments of unknown origin can be traced for 100 to 500 m (Figure 1-3b). These 
scarps are distinguished by the following characteristics that indicate the scarp origin may not 
be tectonic: questionable correlative surface across the scarp, little to no net displacement of 
the geomorphic surface, and nearby landscape features (channels, field boundaries, old roads) 
that may indicate an anthropogenic origin.

To illustrate geomorphic features associated with active faulting along the margins of Crowleys 
Ridge, we describe four sites in detail (Figure 1-8, Figure 1-9, Figure 1-10, Figure 1-11). Three 
sites are located near seismic reflection data that clearly show folding or faulting of post-Eocene 
strata (Van Arsdale et al., 1995). A fourth site in northern Crowleys Ridge records possible 
deformation of Quaternary surfaces but no subsurface data exist to confirm the presence of 
faults.  

1.5.2.1 Wittsburg area

On the eastern margin of southern Crowleys Ridge, a series of semi-parallel scarps is 
preserved in a moderately sloping surface (Figure 1-2b, Figure 1-8). Based on surface 
roughness, distributary drainage pattern, the degree and style of dissection, and the location, 
geometry, and slope observed in the lidar data, we interpret the faulted surface as an alluvial 
fan complex deposited on top of the ~15 ka Kennett braid belt (Figure 1-8; Rittenour et al., 
2007). This relationship indicates the alluvial fan surfaces must be younger than ~15 ka, 
providing a maximum age for the fault scarps formed in the fan complex. The scarps are 
mapped north-to-south for ~4.5 km, and they climb and fall in elevation. The maximum apparent 
vertical offset measured across the scarps from lidar is ~1 m (Figure 1-8c). Channel incision 
west of the mapped scarps (~2 m in the hanging wall versus ~1 m in the footwall) is consistent 
with uplift and subsequent erosion of the western part of the alluvial fan surface. Field mapping 
confirmed 1-2 m of down-to-the-east apparent vertical offset of the surface at the location of the 
fault mapped on the lidar (Figure 1-8d). 

No seismic data exist in the nearby area. However, previously published seismic reflection data 
across the eastern margin of Crowleys Ridge ~30 km north of the Wittsburg area (RV2 and 
RV11, Figure 1-2a), show a steeply west-dipping fault that offsets Paleozoic and Eocene strata 
into an anticline with ~30 m of structural relief. New AEM data from the eastern margin of the 
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ridge at the same location as the scarps show a sharp discontinuity at the ridge margin, 
interpreted as a steeply dipping fault, and another discontinuity just inboard of the ridge margin 
(Figure 1-8e). Although these faults imaged on the AEM data do not align with the scarp 
observed at the surface, they do support an interpretation of a fault-bounded ridge margin.

1.5.2.2 Harrisburg area

On the western margin of southern Crowleys Ridge, a series of semi-parallel fault and fold 
scarps offset a surface previously mapped as the ~56-ka Dudley braid belt (Figure 1-2, Figure 
1-9; Rittenour et al., 2007). These scarps trend approximately north-south for ~4 km. At the 
northern end, a series of 3 semi-parallel fold scarps form an en echelon map pattern. These 
scarps generate a <1-m-high warp of the surface over a distance of 50-150 m. Moreover, 
stream channels draining Crowleys Ridge to the east are deflected northwest around the 
scarps. 

Less than 1 km to the south, a ~600-m-long fault scarp is bracketed by fold scarps. The surface 
is offset a maximum of ~2 m across the fault scarp (Figure 1-9c). The fold scarps bounding the 
fault scarp are subtle; they warp the surface by <1 m over a distance of 40-100 m, but they are 
distinguishable on lidar. In addition, a stream channel draining Crowleys Ridge is deflected to 
the northwest around the scarps and is more incised upstream from the scarps (~3 m versus <2 
m of incision upstream and downstream, respectively) (Figure 1-9b). The channel planform also 
changes across the folds and scarps. Upstream, the channel planform is meandering, whereas 
across and downstream from the fold scarp it is straight. 

Previously collected seismic reflection data ~700 m (RV10) and ~2.3 km north (RV1) (Van 
Arsdale et al., 1995), in addition to the new seismic line CRmv (~2.3 km north) across these 
scarps, reveal down-to-the-west offset on reflectors in the Paleozoic through Eocene strata. 
With surficial observations as our guide, we reinterpreted the seismic data as a series of east-
dipping reverse faults (Figure 1-9d), which underlie the approximate locations of the scarps 
along strike.

1.5.2.3 Bono area

On the western margin of central Crowleys Ridge, a series of three semi-parallel scarps cut the 
lowland adjacent to the bluff (Figure 1-10). The faulted surface has been previously mapped as 
the ~38-ka Melville Ridge braid belt (Figure 1-3; Figure 1-10; Rittenour et al., 2007). These 
north-south trending scarps extend across the surface for ~2 km, although individually, each 
scarp has a maximum length of 1 km. Together, these scarps have a total maximum offset of ~3 
m (Figure 1-10c). Some of these scarps are also visible in the field, clearly showing 1-2 m of 
down-to-the-west apparent vertical offset over two fold scarps.

Previous interpretations of shallow seismic reflection data (RV4) at this site show Cretaceous 
strata and Eocene Wilcox Group reflectors are offset with apparent normal and reverse 
displacement that may represent primarily normal faults or flower structures (Van Arsdale et al., 
1995). Guided by our surface observations and nearby seismic reflection lines, we reinterpret 
these mixed-sense displacements as associated with oblique slip on steeply dipping reverse 
faults (Figure 1-10d). Although reflectors in the upper Eocene Wilcox Group and Quaternary 
strata are not imaged in the seismic reflection data, the fault scarps mapped at the surface are 
coincident with deeper subsurface faults, which leads us to conclude that the seismically 
imaged faults have been active into the late Pleistocene.
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the St. Francis Water Gap records low-rate, progressive late Quaternary tectonic deformation. 
This interpretation is consistent with previous observations of progressive overall east-southeast 
migration of the course of the St. Francis River southeast of the water gap towards the modern-
day Mississippi River, perhaps caused by southeastward tilting from uplift at Crowleys Ridge 
(Boyd and Schumm, 1995) or in the Ozark Mountains (McKeown et al., 1988).

1.5.3 Seismic data observations and interpretations from the Harrisburg East site

The observations from the CRmv seismic line are similar to previously published seismic lines 
across Crowleys Ridge that show discontinuities in the Paleozoic through Eocene strata and 
upwardly warped reflectors under Crowleys Ridge. On CRmv, there are two main groups of 
reflections on both sides of Crowleys Ridge separated by a relatively transparent zone 
underlying the ridge. Figure 1-12 shows the location of the line, interpretations of AEM data long 
the line, and uninterpreted and interpreted seismic lines from the Harrisburg East site. The 
Quaternary section is ~70-m and ~50-m thick on the eastern and western sides of the ridge, 
respectively, as constrained by lignite borehole studies (Csontos and Van Arsdale, 2008; Van 
Arsdale and Cupples, 2013) and the AEM data (Figure 1-12e). Using the well data and previous 
interpretations as our guide, we identify the Eocene reflection group at the 200- to 400-m depth 
interval and the reflective Cretaceous-Paleozoic group from ~500- to 800-m depth. The 
Paleocene section, from ~400- to 500-m depth, lacks obvious internal reflections. 

In general, seismic reflection imaging in the middle part of the profile, over the highest part of 
Crowleys Ridge, is poor. Here, Pliocene terrace gravels and Pleistocene loess are exposed at 
the surface and likely contributed to poor coupling and reduced signal penetration because the 
surficial loess deposits may absorb the seismic energy (Williams et al., 2001). Imaging quality 
also degrades in this part of the COCORP AR-6 profile even with the use of five industry-sized 
vibrator trucks as a source (Nelson and Zhang, 1991). Thus, we exclude this portion of the 
profile from interpretation because we are not confident that apparent reflections beneath the 
center of Crowleys Ridge represent stratigraphic boundaries.

Across the profile, reflections are primarily deformed by undulating folds with individual 10- to 
50-m amplitudes (Figure 1-12e). Reflections are vertically displaced by only a few meters by 
sharp vertical discontinuities, interpreted as minor steeply dipping faults, primarily in the 
Cretaceous and Paleozoic section, although some faults extend upwards into the Eocene and 
Quaternary strata. The largest folds are imaged on the ridge margins extending toward the 
middle part of the ridge. On the western margin, both the Eocene and Cretaceous-Paleozoic 
reflection groups are folded upwards ~50 m relative (a in Figure 1-12e) to the adjacent 
subhorizontal reflections (b in Figure 1-12e) that extend beneath the floodplain to the west. On 
the eastern side of the ridge, several upward-stepping, 30- to 70-m high folds (c, d, e in Figure 
1-12e) coincide with the increasing elevation of Crowleys Ridge, which reaches a maximum 
elevation of ~40 m above the western alluvial plain and ~60 m above the eastern plain. To guide 
interpretation across the poor data quality section in the middle part of the ridge and correlate 
the stratigraphic packages on either side of the ridge, we rely on the previous interpretations 
from the COCORP AR6 profile, which images the Cretaceous-Paleozoic section and shows that 
those reflections are relatively flat-lying within the ridge compared to the disruptions at the 
margins (Nelson and Zhang, 1991). 

In the shallow part of the section, several faults cut the Quaternary strata, and may project to 
the near-surface (f in Figure 1-12e, also shown as dashed lines in Figure 1-12c). The base of 
the Quaternary appears to be faulted a few meters in an upthrown block (f in Figure 1-12e). 
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West of this fault, the surface is folded up-to-the-west ~40 m below the eastern edge of the 
ridge, where the imaging quality degrades. 

1.6 Discussion

1.6.1 Is Crowleys Ridge a tectonic landform?

We combine several approaches – tectonic geomorphic analysis, neotectonic mapping on high-
resolution lidar, seismic reflection imaging, and resistivity profiling – to test whether Crowleys 
Ridge is an actively deforming landform. Mapped fault scarps, topographic asymmetry, and 
drainage network observations indicate that Quaternary-active faults bound most of Crowleys 
Ridge. Deformation appears to vary north-to-south along Crowleys Ridge: the higher number 
and continuity of fault scarps, coupled with the higher hypsometric integrals and average slopes, 
support an interpretation that southern Crowleys Ridge is more tectonically active in the late 
Quaternary than northern Crowleys Ridge.  

We interpret line CRmv, in conjunction with the COCORP AR6 profile, as subsurface evidence 
that Crowleys Ridge is the surface expression of folding and minor faulting. This interpretation 
generally agrees with previous interpretations of a tectonic origin for southern Crowleys Ridge 
(Nelson and Zhang, 1991; Van Arsdale et al., 1995; Stine and Van Arsdale, 2017; Van Arsdale 
et al., 2019). However, our interpretation shows folding to be more prominent with minor faulting 
at the margins of the ridge compared to previous interpretations favoring faulting as the primary 
mode of tectonic deformation on previous, lower resolution data. If folding is a major contributor 
to net vertical deformation across Crowleys Ridge, as deduced from the seismic data, the 
surficial expression of Crowleys Ridge integrates the net effects of folding, faulting, and fluvial 
erosion to produce the topography observed today. The topographic relief on the ridge (~50-90 
m) is approximately equal to the cumulative offset and broad folding of Cretaceous, 
Paleocene/Eocene, and Quaternary units (Figure 1-12), suggesting that Crowleys Ridge is a 
long-lived tectonic feature but also that incision from the paleo-Ohio and Mississippi Rivers may 
account for a portion of the present-day topography (Van Arsdale et al., 1995), possibly 
reactivated by denudation of the Upland Complex in the Quaternary (Van Arsdale et al., 2019). 

1.6.2 Geomorphic evidence of active deformation of Crowleys Ridge

We interpret higher hypsometric integrals and average and maximum slopes to indicate that 
southern Crowleys Ridge may have experienced higher tectonic uplift rates than northern 
Crowleys Ridge during the Pleistocene to recent (Figure 1-5). Topographic asymmetry, 
beheaded stream networks, and uplifted, low-relief surfaces (Figure 1-7) are also consistent 
with tectonic uplift of the ridge. The topographic asymmetry (Figure 1-3) and basin elongation 
patterns (Figure 1-6) are interpreted to represent active or recent faulting on alternating sides of 
the ridge. 

There are several alternative explanations for the along-ridge variations we observed at the 
landscape scale, including the effect of regional or local base level and variations in lithology 
along the ridge. One key assumption in our work is that the base level along the ridge has been 
the same or changed simultaneously. We assume that the Black and Mississippi Rivers have 
not been flowing adjacent to Crowleys Ridge since the late Pleistocene, supported by the ages 
of braid belts that become younger away from the ridge (Rittenour et al., 2007). However, there 
are exceptions to this assumption. The St. Francis River has been flowing across and close to 
the eastern margin of Crowleys Ridge during the late Pleistocene and Holocene, and southern 
Crowleys Ridge is closer to the present-day Mississippi River, which has an overall lower base 
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geomorphology of the landscape. We therefore interpret changes in landscape parameters as 
evidence of Quaternary deformation of Crowleys Ridge. 

1.6.3 Neotectonic evidence of active deformation of Crowleys Ridge

In our analysis, we focus on fault and fold scarps that appear to be tectonic in origin. We 
acknowledge that in a landscape dominated by fluvial processes, identification of tectonic 
landforms can be difficult. We differentiate fluvial and tectonic scarps in several ways: (1) 
tectonic scarps show map patterns of en echelon or overlapping tips, and often grade from fault 
scarps into fold scarps; (2) fault scarps exhibit net vertical displacement across sloping, 
correlative surfaces; and (3) fault scarps cut up and down slope. We identified discontinuous 
scarps subparallel to the ridge margin along southern and central Crowleys Ridge. These 
scarps are discontinuous at the surface, but we infer that the faults responsible for scarp 
formation continue in the subsurface along the ridge margin even when scarps are not present 
at the surface (i.e., Harrisburg East area, Figure 1-12). Similar fault-related geomorphic 
observations from northern Crowleys Ridge were the surface expression of near-vertical faults 
found in paleoseismic trenches and imaged on seismic reflection data (Baldwin et al., 2006). 
Discontinuity of the mapped surface scarps may reflect distributed faulting and the competing 
effects of low-rate surface displacements and relatively high erosion and deposition rates in this 
setting.

We recognize several regions of mass slope movements and landslides that complicate the 
interpretation of scarps. Mass movement is clearly an important landscape process along the 
margins of Crowleys Ridge. We identify and differentiate landslides and mass movements from 
potential tectonic scarps by arcuate headscarps, the presence of creeks that erode headward 
and commonly produce a radial drainage pattern, lateral margins that often coincide with 
creeks, and hummocky and lobate terrain. Moreover, we avoid interpreting scarps in regions of 
known abundant landslide and lateral spreading features, such as the southernmost tip of 
Crowleys Ridge, south of Marianna (Doyle, 2005).

1.6.3.1 Slip rates

Because we can measure net vertical displacement of surfaces of approximately known age, we 
can estimate vertical separation and fault slip rates (Table 1-2). Deformation rates calculated 
from the scarps along Crowleys Ridge are generally low (<0.2 mm/yr). Vertical separation rates 
range from 0.03 to 0.08 mm/yr, whereas slip rates range from ~0.04 to 0.09 mm/yr assuming a 
range of possible fault dips (Table 1-2). We caution that these estimates are highly uncertain 
due to several dating and measurement issues. For example, some Quaternary surfaces lack 
precise age dating, (i.e., alluvial fan near Wittsburg, Figure 1-8). Subsequent anthropogenic 
modification of scarps may alter the total magnitude of offset calculated from the lidar-derived 
topographic data, leading to under or overestimation of the total offset. Furthermore, the 
majority of these scarps are small (<0.5 to 2 m), and are likely to only represent 1-2 
earthquakes, based on offsets observed during the M>7 1811-1812 earthquakes (5-8 m over 3 
earthquake cycles; Kelson et al., 1996; Johnston and Schweig, 1996; Van Arsdale, 2000). 
Because we do not know if the scarps record a full earthquake cycle, and we are currently in an 
open interval, any slip rate calculation is subject to substantial uncertainty (Styron, 2019). For 
example, a near-future event of a similar magnitude and offset could substantially increase the 
slip rate. Moreover, slip rates rely on estimated fault dips extracted from older, deeper seismic 
data that may not represent near-surface dips. Finally, the seismic reflection data in the region, 
including line CRmv, indicates that a substantial amount of tectonic deformation is 
accommodated as folding. The slip rates we calculate rely only on the fault scarp offsets and 
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fault dips from seismic data and do not include folding, implying that we may be underestimating 
the total deformation rate. Despite these uncertainties, we conclude that these fault scarps 
record low rate (<0.2 mm/yr) deformation along the margins of Crowleys Ridge since the late 
Pleistocene. 

1.6.4 Geophysical data

Both seismic reflection and AEM datasets image discontinuities in the strata at the ridge 
margins, supporting the interpretation that Crowleys Ridge is fault-bounded and has a tectonic 
origin. Although we cannot directly tie any subsurface fold or fault seen in the seismic reflection 
data to any specific scarp mapped using the lidar data at the surface due to lack of resolution in 
the upper ~50 meters, the scarps mapped at the surface have the same overall sense of 
displacement relative to that seen generally in the subsurface on both sides of the ridge. The 
youngest faulted and folded reflector clearly imaged on the east side of southern Crowleys 
Ridge is the base of Quaternary section, supporting the interpretation that deformation on the 
margins of Crowleys Ridge has persisted into the Quaternary (Figure 1-12). This interpretation 
is further supported by discontinuities observed in the AEM data, which primarily can image the 
Quaternary section and uppermost Pliocene strata, at the ridge margin underlying the mapped 
scarps (Figure 1-8, Figure 1-12). The AEM data demonstrate that the lidar scarps are 
associated with a subsurface discontinuity that persists for several hundred meters depth and 
can roughly be tied to discontinuities in the seismic reflection data, thus bridging the gap in the 
shallow subsurface. We acknowledge that discontinuities in the AEM data may also represent 
erosion of the Tertiary sediments on either side of Crowleys Ridge, but we discern that the 
alignment of surface scarps and discontinuities on the seismic reflection data support the 
interpretation that the discontinuities on the AEM data are faults. Thus, the subsurface and 
surface data broadly agree with each other. 

Based on the seismic reflection data, the two faults observed at the easternmost end of CRmv 
(c, f in Figure 1-12e) are located ~500 m north of a fold scarp mapped at the surface, supporting 
the interpretation that the scarp is likely tectonic in origin and that faulting is blind. The offset on 
these faults (<40 m) is much greater than the offset of the scarp (<0.5 m), indicating that the 
surface has recorded perhaps only the most recent (<15 ka) fault movement, but that prior 
movement on the faults has occurred during the Pliocene-Pleistocene. 

The elevation of Crowleys Ridge relative to the Eastern Lowlands and Western Lowlands (~50 
to 70 m) is comparable to the fold amplitude of ~75 m seen in the subsurface on Eocene to 
Paleozoic reflectors. There does not appear to be much thickening or thinning of strata in the 
Paleozoic to Eocene units on either side of the ridge that could be interpreted as growth strata. 
This observation indicates tectonic activity around Crowleys Ridge is primarily post-Eocene 
(Van Arsdale et al., 2019), in contrast to previous seismic reflection interpretations that indicate 
most offset is pre-Eocene (Van Arsdale et al., 1995).

1.6.5 Regional fault network

The seismic reflection and AEM data, landscape analysis, and mapped scarps near Crowleys 
Ridge indicate that Quaternary faulting in the New Madrid seismic zone is complicated and 
extends beyond the zone of modern seismicity (Csontos et al., 2008; Van Arsdale and Cupples, 
2013). Here, we present an interpretation of how late Quaternary faulting along Crowleys Ridge 
might fit into a regional kinematic framework (Figure 1-13). In general, our new regional 
kinematic framework builds on that of Csontos and Van Arsdale (2008) and Van Arsdale and 
Cupples (2013). The NMSZ is interpreted as an overall dextral transpressive system with 
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1.7 Conclusions

We present evidence that Crowleys Ridge is a tectonic landform bounded by late Quaternary 
active faults based on landscape-scale geomorphic analyses, neotectonic mapping, seismic 
reflection data, and shallow AEM resistivity data. Geomorphic analyses using modern high-
resolution topographic datasets and approaches are consistent with recent tectonic deformation. 
Neotectonic strip mapping on lidar reveals previously unidentified fault scarps that offset late 
Pleistocene (<56 ka) geomorphic surfaces. A new seismic reflection and AEM resistivity profiles 
show faulting that offsets Pliocene-Pleistocene strata and projects near surface scarps mapped 
on the lidar. The overall rate of deformation is low (<0.2 mm/yr), but evidence for recent (late 
Pleistocene) surface rupture indicates that Crowleys Ridge may best be incorporated as 
discrete, independent seismic sources into regional seismic hazard analyses. Our integrated 
approach demonstrates a way to identify and quantify tectonic deformation in low-strain-rate, 
high-erosion regions.
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Figure 1-1 (a) Location map of the New Madrid seismic zone (NMSZ), illustrating major 
faults and approximate earthquake epicenters of the 1811-1812 earthquake 
sequence. Inset shows location in central United States. Modified from Delano 
et al. (2018). (b) Seismicity of the NMSZ from 1900-2019 from the USGS 
Earthquake Catalog. Crowleys Ridge is outlined in white on both panels. 
BMTZ – Bolivar Mansfield tectonic zone; WRFZ – White River fault zone.
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Figure 1-2 (a) Geologic map of Crowleys Ridge, simplified from Haley et al. (1993). Braid 
belt mapping and ages from Rittenour et al. (2007). Seismic line locations and 
labels from Van Arsdale et al. (1995), Stephenson et al. (1999), and Baldwin et 
al. (2006). RV denotes seismic line from Van Arsdale et al. (1995). (b) Scarps 
mapped along the margins of Crowleys Ridge. Boxes mark locations of 
detailed scarp mapping in figures. Paleoseismic site along Idalia Hills fault 
zone from Baldwin et al. (2006). CV – Cherry Valley; L – Levesque. Gray-
shaded area represents bluffs and bedrock surrounding the Mississippi 
embayment (white area).
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Figure 1-3 Topographic swath profiles across and along Crowleys Ridge. Swath profiles 
are extracted from a 10-km window on either side of the profile line, showing 
minimum (dark gray), mean (black line) and maximum (light gray) elevations 
within the swath. BMTZ – Bolivar-Mansfield tectonic zone, AF – Axial fault, 
WRFZ – White River fault zone. Axial fault location is projected from the 
northeast. Locations of faults shown in Figure 1-1.
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Figure 1-4 Examples of mapped scarps along the western margin of southern Crowleys 
Ridge. (a) Fault (red arrows) and fold (black arrows). Profile p1 illustrates a 
sharp discontinuity offsetting a surface with similar slopes above and below 
the discontinuity. Profile p2 shows a broader warping of the surface. (b) Scarp 
of unknown origin (yellow arrows), shown in profile p3. Locations shown on 
Figure 1-2.
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Figure 1-5 Hypsometric integrals (HI) and curves along Crowleys Ridge show evidence 
for increased tectonic activity from north to south. Right panel illustrates 
along-ridge variations in HI, with red-shaded area representing HI values that 
are typically tectonically active. Plots on left show hypsometric curves for five 
representative catchments, with blue lines representing concave or S-shaped 
curves of stable or mature landscapes, and red lines representing convex 
curves of tectonically active or immature landscapes.
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Figure 1-6 (a) Average slope, (b) basin elongation ratio, and (c) basin relief ratio for 
catchments on Crowleys Ridge. Upper panels illustrate values for each 
catchment, and lower panels are the same values plotted along the center 
line. Average slope shows an increase southward along the ridge, illustrated 
by the average slope for each segment (solid colored lines), whereas the 
basin elongation and relief ratios do not show a southward increase.
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Figure 1-7  Drainage network and geomorphology at four locations along Crowleys 
Ridge. (a) northern Crowleys Ridge (NCR), (b) central Crowleys Ridge (CCR), 
(c) center of southern Crowleys Ridge (SCR), (d) southern end of southern 
Crowleys Ridge. All locations show extensive anthropogenic modification of 
the drainage network.
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Figure 1-8 (a) Uninterpreted and (b) interpreted lidar digital elevation model (DEM) and 
slopeshade of the Wittsburg area. Location shown in Figure 1-2b. Age of 
Kennett braid belt from Rittenour et al. (2007). Dashed line marks extent of 
alluvial fan surfaces deposited on top of Kennett braid belt. (c) Topographic 
profile p4 illustrating <1 m of vertical offset of post-15-ka alluvial fan surface. 
(d) Field photograph of the southern end of the scarps. Location shown in 
Figure 1-8b. (e) Airborne electromagetic (AEM) profile 24160 across southern 
Crowleys Ridge close to the southern end of scarps. Topography derived 
from lidar data. Location of scarp at surface shown on profile by gray dot, 
which has been projected from north onto AEM profile line. Black dashed 
lines are interpreted discontinuities and faults on the AEM profile. Location of 
profile line shown in Figure 1-8b and Table S4 in Thompson Jobe et al. 
(2020a). Uninterpreted AEM profile 24160 shown in Figure A-2.














































































































































































































