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Abstract

Dorran K. Howell: Upper mantle shear wave velocity structure in the
southeastern United States from Rayleigh wave tomography

(Under the direction of Lara S. Wagner)

We present a model of upper mantle shear wave velocity in the southeastern United
States from Rayleigh Wave tomography that images the proposed Suwannee suture in
southern Georgia. We use data that were recorded by the SESAME (the Southeastern Suture
of the Appalachian Margin Experiment) seismic network and nearby EarthScope
Transportable Array and permanent broadband stations. Preliminary results indicate a
consistent depth to the lithosphere-asthenosphere boundary (LAB) across the Suwanee
suture. We identify two zones of anomalously low shear wave velocity: one within the
mantle lithosphere of the Suwannee Terrane that spans depths from the Moho to ~105km and
a second zone beneath the southernmost Appalachians. These low velocities beneath
Suwannee are likely due to the presence of water from subduction-related processes. This is
consistent with Laurentia having been subducted beneath Suwannee Terrane during accretion
(McBride and Nelson, 1988). The LAB depth is ambiguous for low velocity areas beneath

the Appalachians, and further analysis is needed before this structure can be characterized.
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1. Introduction

Previous studies in the southeastern United States have found that the basement rock of
southern Georgia and Florida comprises an exotic terrane that was originally attached to
Gondwana prior to the Alleghanian orogeny (e.g. Chowns and Williams 1983, Cramer 1971,
Heatherington and Mueller 2003). The nature of the suture between these terranes is poorly
understood. Some studies have argued for subduction of Laurentian lithosphere beneath
Suwannee during accretion (e.g. Nelson and McBride, 1988), while others have argued for a
transpressional margin (Mueller et al., 2013). Much of this uncertainty stems from a lack of data
on deep lithospheric structures in this area. Our study provides new data on lithospheric mantle

structure across the suture and provides new evidence supporting subduction during accretion.

2. Geologic Setting

2.1 The Suwannee Suture

Stratigraphic observations from boreholes in the Suwannee terrane reveal a sequence of
relatively undeformed Paleozoic and Mesozoic sediments overlying a crystalline, Precambrian
basement (e.g. Chowns and Williams, 1983). This sequence is different from the nearby
Piedmont or coastal plains, which are a complex structural layering of crystalline Peri-
Gondwanan rocks and overlying sediments (Thomas et al., 1989). Paleontological studies have
shown that Paleozoic fossil assemblages in the Suwannee terrane do not match synchronic
Laurentian deposits. Specifically, Cramer (1971) find that phytoplankton assemblages from
Silurian deposits suggest that Florida arrived from a Gondwanan position during the Silurian

assembly of Pangea. Pojeta et al. (1976) observe that Paleozoic Pelecypod assemblages in



Suwannee are similar to those found in Central Europe and conclude that Suwannee assemblages
could potentially be correlated to those found in Central Europe, South America or Africa.

Initial geochemical studies suggested that Suwannee was derived from Africa. Detrital
biotite **Ar/*’Ar ages from boreholes in the Suwannee terrane match ages of the Bové basin in
West Africa, which has been suggested to correlate with parts of the Suwannee stratigraphic
section (Dallmeyer, 1987). Furthermore, the Coyah granite of Guinea has been found to have a
crystallization age of ~530Ma, which is similar to the *°Ar/*’Ar age of the Osceola Granite in
Florida (Dallmeyer et al., 1987).

More recent geochemical studies, however, have suggested that the Suwannee basement
is derived from South American portions of Gondwana. Heatherington and Mueller (2003)
examine igneous rocks from the Suwannee portion of the Central Atlantic Magmatic Province
and find that related mafic intrusions were derived from a protolith that best matches lithospheric
crust and mantle from South America. Heatherington and Mueller (2010) study the only known
intrusions in Suwannee that pre-date rift volcanism (intrusions had ages of ~295Ma). Trace
element analyses demonstrate that these intrusions were not subduction related and were likely
related to post-orogenic volcanism following the Alleghanian. Ages of xenocrysts in the granites
suggest that they are inclusions of Laurentian or South American country rock. Further analyses
by Heatherington and Mueller (2010) show that crystallization age distributions for xenocryst
zircons do not match ages for Laurentian tectonic events. They do however have overlapping
ages with major orogenies in South America and, to a lesser extent, Africa. This suggests the
Suwannee basement has a South American/Gondwanan origin (Heatherington and Mueller,

2010).



The lithospheric and surficial expression of the suture between Suwannee and Laurentia
has been constrained by several studies. First identified by borehole data (Chowns and Williams,
1983), the Suwannee suture intersects the surface in southern Georgia (Figure 2.1). COCORP
(The Consortium for Continental Reflection Profiling) created a series of seismic reflection
profiles for this area in the 1980s. Reflection profiles reveal a series of southward dipping crustal
reflectors in southern Georgia that extend to lower crustal depths. Reflectors are located north of
local rift basins, suggesting that they are not related to rifting (Figure 2.2). These reflectors have
been interpreted as the suture between Suwannee and Laurentia and suggest that Suwannee was
thrust over the Laurentian continental block (Nelson et al., 1985a).

Further evidence that southward dipping reflectors in Georgia demarcate the Suwannee
suture is the correlation between the location of these structures and the Brunswick magnetic
anomaly. The Brunswick magnetic anomaly is a zone of low magnetism that crosses Georgia
and extends into the Atlantic (Figure 2.3). A comparison of COCORP reflection data and
magnetism showed that the Brunswick magnetic anomaly is centralized deep in the crust and is
thus not related to material in local rift basins (McBride and Nelson, 1988). The dipping
reflectors in the COCORP profiles occur along magnetized zones at the location of the Suwannee
suture. McBride and Nelson (1988) propose three models for the Brunswick magnetic anomaly:
A suture-zone ophiolite model where oceanic lithosphere overrides Laurentia; an obducted
continental crust model where continental lithosphere overrides Laurentia; and a rift magmatic
overprint model. They argue that the most likely model involves oceanic crust or mafic
continental crust being thrust upward over Laurentian lithosphere (McBride and Nelson, 1988).

Further modeling of the lower lithosphere and upper asthenosphere beneath the suture may better



constrain both the cause of the Brunswick magnetic anomaly and mechanism of accretion of the
Suwannee terrane.
2.2 Regional Tectonic History

Hatcher (2010) and Hibbard (2010) provide detailed summaries of regional tectonics
from the Proterozoic into the Cenozoic. The earliest records of large-scale tectonics along the
eastern margin of Laurentia start in the mid to late Proterozoic with the Grenville orogeny. The
Grenville orogeny coincides with the formation of the supercontinent Rodinia. Compressional
tectonics during this time caused widespread regional metamorphism and extensive uplift along
the eastern section of Laurentia (Hatcher 2010).

The super-continent Rodinia broke-up at ~750Ma, starting the Wilson cycle that would
eventually form the Appalachians. Rifting proceeded in two phases: an initial period of failed
rifting starting at ~735Ma that produced intrusives throughout the Laurentian craton and a final
period of successful rifting along the Laurentian margin starting at ~565Ma which opened the
Iapetus ocean (Hatcher 2010).

The rifted Laurentian margin existed as a passive margin until into the Ordovician. As
the Wilson cycle continued, subduction of lapetan oceanic lithosphere beneath Gondwana
created a series of volcanic arcs between the two supercontinents. Starting at ~450-400Ma these
peri-Gondwanan terranes started to collide with and accrete to the eastern margin of Laurentia,
collectively resulting in two major orogenies: the Taconic at ~450Ma and the Acadian at
~350Ma (ages for these events vary with location along the margin). Collision of arc terranes
with Laurentian craton caused extensive uplift in the Appalachians as well as regional
metamorphism (Hatcher 2010). Compression during this time was partially accommodated on

reactivated Grenville-age faults (Hatcher, 2010). While there are a number of peri-Gondwanan



terranes associated with the Taconic and Acadian orogenies, our study area is primarily focused
on the Suwannee terrane and its relation to neighboring Laurentian lithosphere (Figure 2.1)
(Hatcher, 2010).

Eastern Laurentia experienced a transitional period following the Acadian orogeny until
the early Carboniferous when Gondwana and Laurentia started to collide, causing the
Alleghanian orogeny. Continental collision during the Alleghanian may have occurred as a
“zippered” pattern, starting in the north and progressively closing to the south along dextral
transpressional faults (Hatcher, 2010; Peavy et al., 2004; Engelder and Whitaker, 2006; Hatcher,
2001). These motions are believed to have started with a major dextral component and have
transitioned to a more dominant compressional component (Hatcher, 2010). This notion is
supported by analyses of deformational structures in both the Piedmont and Blue Ridge (Secor et
al., 1986). Still, it is important to note that some research suggests an earlier date for collision in
the southern section and a somewhat more direct pattern of collision. Hibbard (2010) suggests
that magmatism in southern Laurentia may be associated with preliminary interactions with the
Gondwanan Suwannee terrane occurring somewhat earlier than commonly estimated dates for
the Alleghanian orogeny. Such interactions would be analogous to the Famennian event in
northern Laurentia and would indicate a less dextral direction of collision (Hibbard, 2010). The
Alleghanian orogeny culminated with the formation of Pangea during the late Permian (Hatcher,
2010).

Deformation from the Alleghanian orogeny caused uplift along the Neoproterozoic
Laurentian margin and formed a foreland fold and thrust belt (Hatcher, 2010). Deformation in
the Appalachians may be categorized as thin-skinned (Cook and Vasudevan, 2006). Signals of

deformation appear in both the Piedmont and Blue Ridge, suggesting that the Appalachian



décollement extends beneath the Piedmont (Secor et al., 1986). This notion has been confirmed
by the reprocessing of seismic reflection data from the region (Cook and Vasudevan, 2006).
Other studies have reinforced this point by identifying eastward dipping seismic reflectors along
the eastern margin of the Blue Ridge, which are associated with the Laurentian margin (Peavy et
al., 2004). It is also noted that crustal thickness is greatest beneath the Appalachians and
decreases eastward towards the Atlantic (Peavy et al., 2004). Overall, both the Piedmont and
Blue Ridge are estimated to have been thrust >175km to the northwest (Secor et al., 1986; Cook
etal., 1979).

During the early Jurassic, the regional compressional regime transitioned to an
extensional one.  Initial extension was accommodated by continental lithosphere near the
Laurentian-Gondwanan boundary, forming rift basins across the eastern Laurentian margin
(Hatcher, 2010). The largest of these are found in present day Georgia and northern Florida, and
include the South Georgia rift basin — a prominent lithospheric structure in our study area
(Figures 2.1-2.2) (McBride et al., 1987).

Continental rifting continued until ~200Ma when the locus of extension abruptly shifted
to what may be considered the present day continental margin (Hynes 1990). This shift is
demarcated by a series of igneous intrusives and flood basalts called the Central Atlantic
Magmatic Province (CAMP) (Nomade et al, 2006). Rifting in the southeastern section of the
Laurentia-Gondwana boundary occurred seaward of the Suwannee terrane, which had been
accreted to Laurentia along the Suwannee suture during the Alleghanian (Hatcher, 2010;
Hibbard, 2010).

The South Georgia rift basin was characterized by a series of studies using COCORP

seismic reflection data. The basin is a series of disjointed half-grabens with the largest section



having a width of ~110km and a maximum basin fill of ~6km. The structure of the basin can be
summarized as the following: a lower section of thicker and tilted sedimentary units; a layer of
Jurassic basalts (CAMP); and an upper section of thinner, less faulted stratigraphy. These
sections are reflective of different phases of rifting, with the lower units representing failed
rifting and the upper units representing basin fill following the transition to oceanic rifting
(McBride et al., 1987).

A passive margin developed along the eastern margin of Laurentia as rifting continued at
the oceanic divergent boundary (the present day Mid-Atlantic Ridge). A lack of regional tectonic
events has allowed for the development of a broad coastal plain along the Atlantic margin of
Laurentia where sediments from the Appalachians are deposited in passive margin basins.
Consequently, a record of regional tectonics, especially late-stage rifting, has been preserved

along eastern Laurentia (Thomas, 2006).

3. Data Collection and Processing

For this study, we collected data from a total of 213 stations associated with two
broadband seismic deployments: SESAME (Southeastern Suture of the Appalachian Margin
Experiment), which comprises 85 EarthScope Flexible Array stations, and 128 local EarthScope
Transportable Array stations (Figure 3.1). Events were chosen with magnitudes = 6.2 and depths
< 100km to help ensure clear Rayleigh wave arrivals. Events ranged in date from May 2012 to
May 2014. We found a total of ~50 events based on these criteria, though this number was later
reduced to 32 (Figure 3.2) based on signal quality issues.

We used vertical component seismograms to observe arrivals of fundamental mode

Rayleigh waves. We normalized the data for instrument response using the pole/zero data for



each instrument type that was provided by IRIS (Incorporated Research Institutions for
Seismology), using the Streckeisen STS-2 sensor as a standard. Waveforms were filtered for 16
frequency ranges, spanning 2-50 mHz and centered on periods ranging from 22.2 to 143s, using
a band-pass filter in SAC (Seismic Analysis Code). Input parameters for filtering were set to a
Butterworth filter type with 4 poles and 2 passes, resulting in zero-phase shift. We used a
varying bandwidth for filter windows centered on different periods: 7 mHz for periods of 143 to
100s; 8mHz for periods of 91 and 77s, and 10mHz for periods of 66.7 to 22.2s. We visually
inspected filtered seismograms for each event and removed stations having obvious sensor issues
or signal-to-noise ratios less than 3 to 1. We also removed events that lacked clear Rayleigh
wave arrivals from the dataset.

Time windows were cut for Rayleigh wave phases in order to distinguish them from other
arrivals apparent on the filtered seismograms. We manually selected event windows for the first
and last arrivals of each event and extrapolated to intermediate arrivals using a simple linear
distance relationship and constant window length for a single period/event pair. We also utilized
a minimum length of three times a respective period in order to avoid underestimating window

size. Cut windows were then tapered at each end using a Hanning taper (Figure 3.3).

4. Methods

4.1 Phase Velocity Model

We utilize the two-plane wave method of Forsyth and Li (2005) and the finite frequency
kernels of Yang and Forsyth (2006) to model Rayleigh wave phase velocities. Heterogeneous
earth structure can cause multipathing of incoming energy as well as deviations from projected

great circle path. The two-plane wave method accounts for these factors by modeling an



incoming wave field as two plane waves arriving from different back azimuths. The phase and
amplitude of an arrival at grid nodes across a study area are considered as a function of the
constructive and destructive interference of the two incident waves (Forsyth and Li, 2005). For
the first step in this calculation, we best fit the phase, amplitude, and backazimuth for each of the
two plane waves using a simulated annealing method. We then use these parameters to calculate
predicted amplitude and phase at each station in our study area. Differences between these sets
of values are input into our inversion (Wagner et al., 2010).

Our inversion includes the finite frequency kernels of Yang and Forsyth (2006). These 2D
sensitivity kernels have been shown to more accurately reflect the sensitivity of a given phase to
velocity deviations than simple Gaussian sensitivity kernels (Li, 2011). Finite frequency kernels
address scattering along a ray path as well as the fact that ray theory assumes infinitely high
frequency (i.e. infinitely thin ray path), an assumption that has limitations when considering
longer periods. Consequently, finite frequency kernels do a significantly better job of imaging
finer scale velocity structures (Yang and Forsyth, 2006).

Our model starts with an initial condition of phase velocities calculated using P and S wave
velocities from TASP91 (Kennett and Engdahl, 1991). We calculate a predicted phase and
amplitude for each of the two plane waves for each station. Grid nodes are spaced in 0.33°
increments over a 12° latitude by 12° longitude area, centered at 31°, -83.1296°. A total of 1296
grid nodes are used. Our inversion iteratively best fits perturbations in phase velocity for each
period and grid node to reduce the difference between observed and predicted phase and
amplitude. A total of 10 iterations were performed in this part of the inversion. We include
damping parameters of 0.1 to promote stability of the model and also account for geometrical

spreading and anelastic attenuation.



4.2 Shear Wave Velocity Model

The first step in calculating shear wave velocities is the designation of a starting model.
Here, we start with an initial model from [ASP91 (Kennett and Engdahl, 1991). We then adjust
the depth of the Moho using a combination of data, including the Crust 1.0 model (Laske et al.,
2013), and data from Parker et al. (2013) and Wagner et al. (2012) (Figure 4.1). We then
designate a set of horizontal layers that are allowed to vary in shear wave velocity during the
inversion (Table 4.1). Since Rayleigh waves are primarily sensitive to shear wave velocity at the
sub-crustal depths of interest in this study (Weeraratne et al., 2003), we only focus on inverting
for shear wave velocity and set the P to S wave velocity ratio to a fixed value of 1.73 in the crust
and 1.79 in the mantle.

After developing our starting model, we calculate the predicted phase and amplitude of
Rayleigh wave arrivals on a grid of 0.1° increments across our study area (the same map region
as for the phase inversion). We then iteratively solve for perturbations in our starting velocity
model that allow it to best fit our calculated phase velocity model. A velocity damping of 1
standard deviation is used for this inversion, which is performed for a total of 5 iterations. The
output of this inversion is a 3-dimensional grid along 0.1° increments that contain values for
shear wave velocities and percent deviation of velocity from our starting model.

5. Results

5.1 Phase Velocities

Maps of 1-dimensional phase velocities are shown in Figure 5.1a. Standard deviation
values for each period are shown in Figure 5.1b. Resolution is greatly diminished in offshore
areas for which we have no data and to the northeast where the Transportable Array stations

arrived later (Figure 3.1).
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One of the more notable features in the Suwannee suture area is the zone of lower phase
velocities that trends approximately E-W at 33 s period (Figure 5.1a). While not entirely clear at
all periods, this feature continues to be distinct at 45 s, 91 s, and 111 s. Surrounding this feature
at 33 s period are broad regions of higher phase velocity to the north and south. While unclear at
all periods, this structure of two zones of high velocity separated by an E-W trending low also
appears across a great range of depths in shear wave velocities (Figure 5.2).

Another region of low phase velocities occurs at approximately 31°, -82°. This discrete
region is distinct in phase maps for periods of 33 s, 40 s, 58 s, 66 s, and 100 s. This feature
appears to be connected with the broader low velocity region for 50 s, 91's, 111 s, 125 s, and 143
s, and the two structures may be related. A third zone of lower phase velocities also occurs
beneath the Appalachians for periods ranging from 33 s-58 s. All three of these phase velocity
structures have analogies in cross sections of shear wave velocity, which will be discussed
below.

5.2 Shear Wave Velocities

Maps of shear wave velocities for depths ranging from 65-165 km reveal a predominant
set of negative anomalies trending roughly E-NE in this area that are defined by ~3-4% dVs and
absolute shear wave velocities of around 4.4 km/s (Figure 5.2). This feature is visible from the
base of our model crust to depths of ~105 km (Figure 5.2). At around 145 km, most of the study
area has a negative velocity anomaly, a trend that continues to spread and intensify with depth.

A sub-crustal gap in relative high shear velocities near the southern extent of the
SESAME experiment is visible in our absolute shear wave velocity cross sections (Figures 5.3 to
5.8). Shear wave velocities of 4.5 km/s are fairly typical of upper mantle material in our starting

earth model (Kennett and Engdahl, 1991). Velocities greater than this value, such as contours for
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4.6 and 4.7 km/s, indicate relatively high velocities compared to our initial model. Similarly,
values lower than around 4.4 km/s indicate relative low velocities (Kennett and Engdahl, 1991).
On the western SESAME line (cross section A), higher velocities tend to have a relatively
consistent maximum depth for section locations of 200-500 km along strike (Figure 5.4). There
is a gap with a general lack of high velocities moving southward, until velocities of > 4.5 km/s
return from ~650-775 km along strike (coincident with the land-ocean boundary). A relative low
sub-crustal velocity zone appears above high velocity zones starting at around 400km along
strike and persists for the rest of the southernmost section. This area of low velocities is
connected to the other low velocity region at ~500-650 km along strike. There also appears to be
a southward dipping structure occurring at ~400 km along strike in cross section A. Southward
dipping mantle structures appear to occur in the same area that Nelson et al. (1985a) observe
southward dipping crustal structures (Figure 5.4).

Cross section B (Figure 5.5) lacks regions of high velocity comparable in size to those in
cross section A (Figure 5.4). Higher velocities appear beneath the crust along the beginning of
the section line and appear along the last ~150km along strike. A zone of relative lows is visible
above relative highs in the easternmost length of the section, much like that in our section along
the western SESAME line (Figure 5.4).

Cross section C follows the eastern line of stations in the SESAME array (Figure 5.6). In
this section, we see extensive relative low velocities occurring over high velocities from ~450km
along strike southward. The deep gap in high velocities to the west is less clear in cross section C
and appears to fade moving eastward (Figures 5.4 and 5.6). Because we lack data in the
southwestern portions of our study area, we are not able to confidently project structures to the

west of our array. Section D crosses the region just north of the Suwannee suture (Figures 2.1
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and 5.8). There is little variation in the occurrence of high velocities across this line of section,
indicating a more regular structure.

In cross section E, we observe relatively high shear velocities in the mantle for depths
ranging from ~50-130 km (Figure 5.8). Below this, velocities are relatively low. Similar to
cross sections farther north, this section shows a layer of relatively low velocities above relative
highs. While poor station density this far south may limit our constraints on this shallow low
velocity structure, it also occurs in areas with robust station density. The consistency of our
results suggests that these anomalies are real and not related to diminished resolution. Crustal
thicknesses for this region are poorly constrained, and we were limited to using Crustl1.0 (Laske
et al., 2013) crustal thickness estimates for our inversion’s starting model. Crustl.0 is a
continent-wide model of crustal thickness (Laske et al., 2013) and may not accurately reflect
local crustal thickness. Anomalous subcrustal low velocities could be partially caused by a
deeper Moho than what our starting model was parameterized with. However, these low
velocities appear to vary regionally and be connected to the deeper zone of lower velocities
visible at 500-650 km AS in cross section A (Figure 5.4). It is more likely that sub crustal low
velocities are related to mantle lithospheric structure than a poorly constrained Moho.

We also observe a region of low velocities in northern Georgia centered around 34.9°, -
83.3° (Figure 5.2). The low velocity zone appears in cross sections of absolute shear velocity and
extends from the Moho to around ~125km depth (Figure 5.4). Relatively high mantle shear
velocities of 4.5-4.6 km/s re-appear below this low zone. A similar decrease in crustal P-wave
velocity north of the Suwannee suture has been observed in preliminary Pn body wave studies

(Figure 5.9) (Julia MacDougall, personal communication, April 11, 2014)
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In summary, we observe three major velocity structures: generally consistent subcrustal
high velocities across much of southern Georgia and northern Florida; a zone of relative low
velocities in mantle lithosphere trending roughly E-W at ~31° latitude; and another low velocity

zone that is centered beneath the southern Appalachians.

6. Discussion

6.1 Lithospheric Thickness

The contrast between high viscosity lithosphere and lower viscosity asthenosphere is a
fundamental concept to the theory of plate tectonics (O’Reilly and Griffin, 2010). It has been
proposed that the transition varies as a function of several variables, including: thermal gradient,
partial melt content, mineral grain size, chemical composition, and water content (Fischer et al.,
2010). For continental regions, the lithosphere-asthenosphere boundary (LAB) primarily results
from a change in chemical composition and water content (Fischer et al., 2010). The LAB
generally ranges in depth from ~150-200km beneath cratons to shallower in areas with more
recent tectonism (O’Reilly and Griffith 2010, Fischer et al. 2010, Abt et al. 2010, Ford et al.
2010).

To better approximate LAB depth we perform a simple calculation on our model’s 1-D
shear wave velocity profiles. We first calculate the depth range of the maximum negative
gradient in shear wave velocity below an upper mantle high—velocity “lid” (e.g. Eaton et al.,
2009). We then estimate the LAB as the midpoint of depths associated with the maximum
negative gradient (See Figure 6.2) (e.g. Eaton et al.,, 2009). This technique has been
demonstrated by studies such as Palomeras et al. (2014) and Weeraratne et al. (2003) and is

summarized by Eaton et al. (2009). Examples of shear wave velocity profiles and LAB depths
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for areas around the Suwannee suture region are shown below in Figures 6.1-6.5. It is important
to note that this calculation is performed using our model shear wave velocity profiles, which
have been observed to vary with small changes to input parameters. Furthermore, shear velocity
profiles can be equally fitted to surface wave data using either a short and rapid gradient or a
long and gradual one (Eaton et al., 2009). As such, we limit our focus to LAB estimations in
areas near the Suwannee suture that have relatively high station density. The LAB often occurs
over a range of depths rather than at a discrete depth (Fischer et al, 2010). Thus, our depths are
only a rough estimation of the LAB.

Estimated LAB depths correspond with both our shear velocity map and our cross section
estimates. The LAB appears between contours for 4.5 and 4.4 km/s absolute shear velocities at
depths greater than 100 km. These contours express LAB geometry across the Suwannee suture.
The LAB is continuous across the area McBride and Nelson (1988) identify as the Suwannee
suture (Figures 6.1-6.2 and 6.5). The LAB appears at depths of ~130-150km across the
Suwannee suture area. Estimated LAB depths vary sporadically throughout the study area,
sometimes even as much as ~20-30 km (Figure 6.5). This is expected, given the transitory nature
of the LAB (Fischer et al., 2010) and the large range of acceptable depths for an individual LAB
calculation. Interestingly, our estimated values differ from those of a continent-wide study of
upper mantle discontinuities for North America by Abt et al., 2010. Abt et al. (2010) observe a
decrease in velocity with depth between 90 and 100 km below Georgia that they attribute to the
LAB. This discrepancy may be the result of a negative velocity gradient for depths ~75-90 km
that is visible in one of our shear velocity profiles (Figure 6.3). This low velocity zone may
correspond to the negative Sp phase Abt et al. (2010) attribute to the LAB. Our results suggest

that the LAB occurs deeper at ~125-150km depth. The negative phase Abt et al. (2010) observe
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may be attributed to a low velocity zone within the lithospheric mantle. Our LAB estimate
appears to be consistent with general ranges for continental lithosphere and regions affected by
Phanerozoic orogenesis (Fischer et al., 2010).

6.2 Interpretation of Low Velocity Zones

The zones of relative low subcrustal phase and shear velocity in northern Florida/Georgia
(Figures 5.1 and 5.2) are the most prominent velocity features in the Suwannee suture region.
What defines these features? How may they relate to other regional tectonic features? A variety
of hypotheses may be examined to answer these questions. Here, we focus on the
characterization of these features and their relation to the two most recent major tectonic events
to occur in this area: the Alleghanian orogeny and Mesozoic continental rifting (Hatcher, 2010).

Low shear wave velocities in the upper mantle may be caused by a variety of factors, and
each should be considered when interpreting velocity structures. Partial melt fraction, olivine
grain size, water content, and chemical composition all may contribute to variations in shear
velocity (Fischer et al., 2010).

Partial melting is unlikely be a factor because there is no evidence for a high geothermal
gradient in this area. Surface heat flux values for this area place heat flux at or below average for
continental lithosphere (Blackwell et al., 1991) (Figure 6.6). Without a high thermal gradient, it
is unlikely that temperatures at the depths we see these lows at (from ~50 to 105 km) are high
enough to cause partial melting (Winter, 2010).

Olivine grain size may have a role in affecting seismic wave velocity differences in the
mantle (Faul and Jackson 2005, Jackson et al. 2002). Jackson et al. (2002) found that smaller
grain sizes tend to be associated with greater attenuation and lower velocities. Still, grain size

tends to only be able to account for more gradual shifts in seismic velocities (Fischer et al.,
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2010). While grain size may be affecting the velocity contrast we see along northern FL, it is
difficult to fit the sharp lateral gradient we observe (Figure 5.2) with only lateral variations in
grain size.

The remaining factors to consider include water content and chemical composition. It
has been suggested that observed crustal structures in this area may indicate that Laurentia
subducted beneath Suwannee (e.g. McBride and Nelson, 1988). An increase in water content
within the lithospheric mantle is possible if subduction occurred during the accretion of
Suwannee. Increased percentages of hydrous phases in overriding lithosphere have been
observed in a variety of subduction settings (e.g. Peacock, 1990). The subduction of oceanic
and/or Laurentian lithosphere as Laurentia and Suwannee converged could provide a source for
water in the lithospheric mantle (Winter, 2010). Hydrous, subduction-related intrusions could
potentially reduce seismic wave velocities where they were intruded into generally de-hydrated
mantle lithosphere (Fischer et al. 2010, Karato 2003, Karato and Jung, 1998).

A difference in chemical composition between the relative-low zone and surrounding
mantle is another potential explanation. Relatively felsic, crustal rocks tend to have lower
seismic wave velocities than ultramafic, mantle rocks (e.g. Christensen, 1978). However, it is not
likely that relatively felsic rock is causing low velocities in the mantle lithosphere. While felsic
magma may be found in the crust at convergent boundaries (Winter, 2010), one would not expect
to find significant felsic melt in the mantle. In subduction zones, it is the dehydration of
subducting crust that drives melting of asthenosphere and overriding lithosphere (Winter, 2010).
Water released from dehydration tends to flow upward due to density differences with
surrounding material, so it is less likely that subducted lithosphere will melt because of a wet

solidus (Winter, 2010).
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Fertile, asthenospheric rocks, with increased percentages of pyroxenes, tend to have
lower seismic wave velocities than those in the lithospheric mantle (Fischer et al., 2010).
However, the relative contribution of fertility to shear wave velocities is debatable. Some have
argued for contributions of up to ~2.5% variation between fertile and depleted mantle rock (Lee,
2003). Others have argued for < 1% effect (Schutt and Lesher, 2006). It is not clear that a
variation in fertility would create the sharp lateral velocity gradient that we observe.

6.3 Tectonic Implications

The observed low velocity zone has spatial patterns that correspond with regional
tectonic features. The overall trend of this feature roughly follows local rift basins, but there are
significant areas where the two do not spatially match. For example, rift basins extend farther to
the north than our observed low velocity zone (Figures 2.2 and 5.2). Emplacement of fertile,
asthenospheric peridotite in mantle lithosphere could possibly occur as a result of convection and
upwelling (Drury et al., 2001). Mesozoic continental rifting could cause upwelling and
emplacement of asthenospheric material in this area (Storey, 1995). Still, the debatable influence
of fertility on seismic velocity (Schutt and Lesher, 2006) suggests that the high lateral velocity
gradient we observe is not the result of differences in fertility.

Subduction of the Laurentian craton beneath Suwannee provides a better explanation of
the observed lithospheric low velocity anomaly. Dehydration of subducted Laurentian
continental and/or oceanic lithosphere could produce hydrous melt. (Winter, 2010). Magmas
derived from this melt would be expected to intrude into the overriding plate, in this case
Suwannee (Winter, 2010). In our model, the low velocity anomaly is constrained to regions
within Suwannee. (Figures 2.1 and 5.2). Furthermore, we observe a southward dipping structure

in cross section A that appears to coincide with the Suwannee suture (Figure 5.4). Relatively
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hydrous intrusions into Suwannee and southward dipping structures would fit a subducted-
Laurentian model. The lack of observed subduction volcanics in Suwannee has been used to
argue against subduction models (e.g. Mueller et al., 2013). While there is a lack of a robust
record of late-Paleozoic intrusions near our low velocity zone, basement rock studies conducted
on this area are limited in number (e.g. Chowns and Williams, 1983). Studying this area is
further complicated because Mesozoic rifting and volcanism have influenced much of the crustal
structure. A number of rift-related mafic intrusions have been identified in the crust on both
sides of the Suwannee suture (e.g. Daniels et al. 1983, Chowns and Williams 1983). The dense
coverage of rift structures and intrusions in this area may make identification of crustal
Alleghanian intrusives more difficult. However, it appears that low velocities in Suwannee
mantle lithosphere are related to Alleghanian (i.e. subduction) tectonics and not Mesozoic rifting.
Our results also address the hypothesis that the Suwannee suture is a transpressional
margin that lacked a substantial subduction component (Mueller et al., 2013). One would not
expect hydrous phases in the mantle lithosphere without a subduction component (Winter, 2010).
Additionally, a margin with a greater transform component would not be associated with mantle
upwelling that could emplace fertile rock into the lithosphere (e.g. Morgan and Forsyth, 1988).
A model where the Suwannee suture is a transpressional margin does not fit our results.
Lithospheric delamination during the accretion of Suwannee and later continental rifting
was previously theorized but has yet to be supported (e.g. Sacks and Secor, 1995). One of the
goals of the SESAME experiment is to determine the validity of this theory by constraining
lithospheric structure in the area. Lithospheric delamination is generally defined as the
detachment of relatively dense lithosphere into lower density asthenosphere (Moore and

Wiltschko, 2004). Sacks and Secor (1995) propose that a lithospheric delamination model fits
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structural and geochronological data for the southern Appalachians. They propose that
southward-subducted oceanic lithosphere delaminated; causing decreased lithospheric thickness
(Sacks and Secor, 1995). Moore and Wiltschko (2004) also show varying lithospheric thickness
along convergent plate boundaries where delamination has occurred. The general consistency of
our calculated LAB depth across the suture zone (Figures 6.2 and 6.5) suggests that delamination
did not occur in this area.

The zone of low mantle shear velocities in the northern portions of the SESAME
experiment is less well understood. Low velocities are distinct from the Moho to ~120 km
depth. This feature appears to occur within the lithospheric mantle because a positive shear
velocity gradient exists below it (Figure 6.4). However, shear wave profiles and LAB estimates
for this location are fairly ambiguous (Figure 6.4). Interestingly, this zone occurs in the general
location of the Blue Ridge Escarpment (BRE), the fairly sharp boundary between high and low
topographic relief in the Appalachians (Gallen et al., 2013). Other studies have noted a change
in lithospheric structure at the BRE and attributed this to delamination (Wagner et al. 2012,
Gallen et al. 2013). If lithospheric thickness is shown to decrease in this area, this structure
might be indicative of delamination beneath the southern Appalachian orogen (Sacks and Secor,

1990). More analysis is needed before this structure can be fully characterized.

7. Conclusion

SESAME experiment Rayleigh wave tomography shows that the area around the
Suwannee suture has a LAB depth that is fairly typical of continental regions (Fischer et al.,
2010). Model LAB depths appear to range from ~125 km to ~150 km (Figure 6.5). The LAB

appears to be relatively consistent across the suture, rift basins, and areas with low phase and
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shear velocities. Generally consistent lithospheric thicknesses across the suture and rift areas
may indicate that lithospheric delamination did not occur in this area, contrary to earlier models
(e.g. Sacks and Secor, 1990). Zones of low velocity around northern Florida persist through
much of the depth range of the mantle lithosphere. These zones are most likely related to
subduction related intrusions in the overriding Suwannee terrane that cause a difference in
hydration in low velocity areas relative to surrounding mantle lithosphere. Furthermore, we have
identified southward dipping structures that occur in the Suwannee suture zone. As such, our
study reinforces previous models that indicate Laurentia subducted beneath Suwannee during
accretion (McBride and Nelson 1988, Nelson et al. 1985a) and provides evidence against the
argument that Suwannee was accreted along a transpressional margin (Mueller et al., 2013).

In addition to improving the characterization of the upper mantle near Suwannee, we
have identified a zone of low velocities in the mantle significantly north of the suture along the
southern margin of the Appalachians. This feature appears to occur within the lithospheric
mantle, but the LAB transition is not clear beneath this location (Figure 6.4). The significance of
this structure has yet to be determined, and ongoing studies will likely shed light on this

interesting feature.
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Figures

Figure 2.1 Geologic map of the southeastern United States. Tan colored units south of the
Suwannee suture are areas affected by Mesozoic rifting (Hatcher, 2010). Figure taken from

Hatcher (2010).
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Figure 2.2 Geologic map of Suwannee suture area depicting the spatial extent of Mesozoic rift

basins as well as the location of the Suwannee suture (dashed line). Figure is from McBride and

Nelson (1988).
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Figure 2.3 Aeromagnetic map of the southeastern United States from the USGS (Daniels, 2001).
Reds indicate high magnetism and blues indicate low magnetism. The Brunswick Magnetic
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Figure 3.2 Map of the 32 Rayleigh wave arrivals used for this study, including back azimuths.
While azimuthal coverage was relatively well distributed, we lacked a substantial group of

arrivals from the southwest and southeast.

26



X 1043
T

X 1043

S o o hoo ol
T T

X 1043
T

S

Fon

X 1042

S.40 2 4n

X 1042

Figure 3.3 Example of Rayleigh wave arrivals from an event occurring on 156, 2012. The top
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Depth Range Number of Layer Thickness
(km): Layers: (km):
1-100 10 10

100-145 3 15
145-265 4 30
265-305 1 40
305-355 1 50
355-595 4 60

Table 4.1 Summary of layers defined for the shear wave velocity inversion.
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Figure 5.1a Maps of absolute phase velocity in km/s for periods spanning 33-143 s. Blues

indicate higher phase velocities and yellows indicate lower phase velocities.
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Figure 5.1b Maps of standard deviation for calculated phase velocities. Blues and yellows

indicate higher and lower standard deviation values, respectively.
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Figure 5.2 Maps of % deviation of shear wave velocities (dVs) from our starting model for 8
depths spanning 65-165 km. Contours indicate absolute shear wave velocities in km/s. Green

circles indicate TA stations and purple triangles indicate SESAME stations.

32



-88" -86° —-84" -82" -80°

36°

34°

32°

30°

28°

26°
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increments along strike.
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Figure 5.4 Cross section of absolute shear wave velocity (km/s) along line A-A’. Depth and
along strike distance are in km. The gray line demarcates where we defined the Moho in our
starting model (Figure 4.1). The black arrow indicates the approximate location of the Suwannee

suture as shown by Hatcher (2010).
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Figure 5.5 Cross section of absolute shear wave velocity (km/s) along line B-B’. Depth and
along strike distance are in km. The gray line demarcates where we defined the Moho in our

starting model (Figure 4.1).
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Figure 5.6 Cross section of absolute shear wave velocity (km/s) along line C-C’. Depth and

along strike distance are in km. The gray line demarcates where we defined the Moho in our

starting model (Figure 4.1).
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Figure 5.7 Cross section of absolute shear wave velocity (km/s) along line D-D’. Depth and
along strike distance are in km. The gray line demarcates where we defined the Moho in our

starting model (Figure 4.1).
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Figure 5.8 Cross section of absolute shear wave velocity (km/s) along line E-E’. Depth and
along strike distance are in km. The gray line demarcates where we defined the Moho in our

starting model (Figure 4.1).
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Figure 5.9 Crustal P-wave velocities (Vp) from Pn arrivals that were recorded by the SESAME
array. Velocities are grouped by latitude. A distinct drop in Vp is visible between 34-34.5°N

(Julia MacDougall, personal communication, April 11, 2014).
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Figure 6.1 Map of 1D profile locations. The dashed line indicates the approximate
location of the Suwannee suture as defined by McBride and Nelson (1988).
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