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ABSTRACT 

Graw, Jordan Hunter. M.S.  The University of Memphis.  May 2012.  A study of 
crustal and upper mantle structure for the Eastern Tennessee Seismic Zone using P-wave 
transfer functions.  Major Professor:  Christine A. Powell, Ph.D. 
 
 We develop crust and mantle models of the Eastern Tennessee Seismic Zone 

(ETSZ) using imaging and inversion of the radial component P-wave transfer functions 

for stations in the Center for Earthquake Research and Information’s (CERI) eastern 

Tennessee seismic network. We find complex structure in the upper 10 km in addition to 

an upper mantle high velocity zone with !! values from ~8.2-8.56 km/s.  This high 

velocity zone most likely extends from the west into the ETSZ and may be preserved 

mantle structure from the Granite Rhyolite province.  Moho in the area is mostly 

gradational.  However, velocity discontinuities can be seen at places indicating a fairly 

stable Moho depth of ~45-50 km.  We suggest that the NY-AL lineament represents a 

major deep crustal to upper mantle feature. 
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INTRODUCTION 

 Distinct intraplate seismic zones are globally rare but two, the Eastern Tennessee 

Seismic Zone (ETSZ) and the New Madrid Seismic Zone (NMSZ), occur in the central 

United States.  The driving mechanism(s) for intraplate seismic zones is unknown and is 

a subject of great debate.  Most studies indicate that intraplate seismicity is associated 

with ancient rift zones (e.g. Johnston and Kanter, 1990), but this is probably not the case 

for the ETSZ.  Our knowledge of basement features influencing the ETSZ is limited due 

to a lack of geophysical investigations in the area, inadequate seismograph coverage, low 

numbers of high magnitude local and regional earthquakes, and a lack of earthquakes that 

can be associated with a known subsurface feature (Powell et al., 1994).  A better 

understanding of basement subsurface features beneath the ETSZ may suggest a 

causative mechanism for the seismicity of the area.   

 Transfer functions can be used to study deep crustal and upper mantle structure 

and are somewhat different from receiver functions.  The stacked source function used in 

the deconvolution process for transfer functions preserves both P-wave and S-wave 

conversions and multiples within the resultant radial component function.  Receiver 

functions are created by using recording components from a single station and 

theoretically have only Ps-wave conversions within the receiver function.  Transfer 

function studies allow us to image the subsurface by visually displaying Ps conversions at 

varying depths.  Inverting these transfer function waveforms allow us to obtain new earth 

structure models in the form of velocities (both !! and !!) and densities for a number of 

layers.  These results will give us insight into the crustal and upper mantle features 
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directly below any given seismic station and may make it possible to relate local 

seismicity to subsurface geologic features.   

 The purpose of this study is to infer prominent geologic subsurface features 

beneath the ETSZ.  Because of data availability, we utilize short-period data that will 

provide comparable resolution within the crust and upper mantle as broadband data.  Past 

studies have found interesting basement features just outside of our study area, and we 

anticipate finding equally important features in our study.  Of course, determining Moho 

depth and its variation are among our main goals as that is what transfer functions image 

best.  We know there is a large decollement in our area, and expect to detect that as well.  

Transfer functions can also image upper mantle features.  Upper mantle and lower crustal 

features can put constraints on tectonics in the area.  Knowledge of any new subsurface 

feature could be used to correlate the geology with the local seismicity and give new 

insight into the past tectonics of the eastern US.  
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TECTONIC SETTING 

 Basement rocks hosting the ETSZ lie within a zone of complicated terrane 

accretions mainly associated with the Grenville orogeny of the Proterozoic.  The 

Grenville front is thought to lie just to the west of the ETSZ, although the exact location 

is unknown (Figure 1) (Keller et al., 1982).  Hopkins (1995) speculates that the Grenville 

front lies below the ETSZ, based upon reprocessed industry reflection lines.  The Granite 

Rhyolite province and the Grenville terrane are the major basement rocks within the 

eastern US.   The Granite Rhyolite province basement lies to the west of the Grenville 

front (Figure 1a).  The opening of the Iapetus Ocean caused extension and faulting that 

cut across intra-Grenville suture zones (Figure 1b) (Thomas, 2006).  These faults are 

preserved in the ancient Grenvillian basement but are probably not associated with the 

ETSZ.  Rather, potential field data suggest that the ETSZ is associated with a major 

transpressive basement feature (Cullota et al., 1990).  Within the ETSZ the Grenvillian 

basement has been overridden by Appalachian-Ouachita orogenic rocks associated with 

the Alleghanian Orogeny (Figure 1c) (Thomas, 2006).  Reprocessing of the Consortium 

for Continental Reflection Profiling (COCORP) reflection profiles of 1978-1980 shows 

that overlying rocks of the Valley and Ridge, Blue Ridge and Inner Piedmont provinces 

are separated from the autochthonous Grenvillian basement by a major horizontal 

detachment fault or decollement (Figure 2) (Cook and Vasudevan, 2006). 

 Just to the west of the ETSZ a possible Keweenawan-aged rift system may exist 

(Keller et al., 1982; Owens et al., 1987).  This upper to mid crustal high-velocity feature 

is associated with large, positive gravity and magnetic anomalies and forms part of the 

postulated East Continent Gravity High (ECGH) shown in Figure 3b (Keller et al., 1982).  
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 Gravity and magnetic anomalies within the ETSZ are characterized by abrupt 

changes across an aeromagnetic feature known as the New York-Alabama (NY-AL) 

magnetic lineament.  The NY-AL lineament is oriented NE-SW and runs from northern 

Alabama to New York (King and Zietz, 1978; Steltenpohl et al., 2010).  This lineament is 

characterized by a large contrast in magnetic and, to a lesser extent, gravity anomalies 

(Figure 3).   
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Figure 1:  Tectonics of the eastern US throughout two Wilson cycles.  a) Assembly of 
Rodinia.  b) Breakup of Rodinia and opening of Iapetus Ocean.  (modified from Thomas, 
2006). 
 

a) 

b) 
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Figure 1 cont.: c) Assembly of Pangaea.  d) Breakup of Pangaea and opening of Atlantic 
Ocean.  (modified from Thomas, 2006). 
 

c) 

d) 
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Figure 2:  Structure cross section inferred from the COCORP line through the southern 
Appalachians.  Green colors represent the Carolina Terrane.  Pink represents the 
Piedmont Province.  Blue represents the Blue Ridge Province.  Light Blue represents the 
Valley and Ridge Province.  The ETSZ, shown by the X, is located mainly below the 
Valley and Ridge Province.  (modified from Cook and Vasudevan, 2006). 
  

Magnetic highs are located to the west of the NY-AL lineament and lows are to the east.  

In other areas outside of the ETSZ, the polarity changes, but the contrasts produce a steep 

gradient along most of the NY-AL lineament.  Bouguer gravity anomalies are relatively 

higher to the east of the lineament and lower to the west.  Some studies indicate that the 

NY-AL lineament is better described by the NE-SW trending Amish anomaly north of 

West Virginia (Figure 4) (Culotta et al., 1990; Steltenpohl et al., 2010).  The two 

anomalies coincide towards their southern ends and are more or less the same anomaly.  

The origin of the NY-AL lineament is enigmatic.  One model is that it is an 

ancient sinistral strike-slip fault (Bartholomew and Hatcher, 2010).  A contrasting 

viewpoint is that it is a dextral strike-slip fault (Steltenpohl et al., 2010).  Others suggest 

that the NY-AL/Amish lineation marks a major transpressional suture zone based upon 

basement features imaged in Ohio by COCORP (Culotta et al., 1990) and extension of 

potential field trends into Canada.  Shifts in isotopic signatures across the NY-AL 

✗!
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lineament suggest that the lineament is a remnant of a Mesoproterozoic suture between 

the Granite-Rhyolite and Grenvillian basements located in the subsurface (Fisher et al., 

2010).   

Local seismicity within the ETSZ is confined primarily to the region between the 

NY-AL and the Clingman magnetic lineaments (Figure 5).  Earthquakes within the 

region occur at depths of 5-26 km within the Grenville basement (Chapman et al., 1997; 

Vlahovic et al., 1998).   

 ETSZ seismicity follows the NY-AL lineament, even changing trend in northern 

Alabama, and most earthquakes occur southeast of the lineament (Figure 5).  Focal 

mechanisms reveal that dextral NS trending or sinistral EW trending strike-slip faulting 

occurs throughout the ETSZ (Chapman et al., 1997).  Results from fault orientation 

studies show dominant fault strikes are compatible with fault orientations to be expected 

from the present-day stress field (Chapman et al., 1997).  

 Previous work, utilizing various geophysical techniques, lays the foundation for 

this study.  Reprocessed COCORP lines across the Carolina terrane, Piedmont, and Blue 

Ridge provinces reveal an autochthonous Grenvillian basement overridden by 

Appalachian thrust sheets along a major detachment fault (Figure 2) (Cook and 

Vasudevan, 2006).  The thickness of overriding Appalachian rocks decreases to the NW 

and varies from about 0-5 km in our study area.   

 Receiver function studies within the Cumberland Plateau region of Tennessee 

show that crustal thickness is ~40-55 km (Owens et al., 1984; Owens et al., 1987).  Other 

results have shown that there is no sharp Moho discontinuity, and that the Moho may be a 

laminated boundary (Owens et al., 1984; Cook and Vasudevan, 2006).   
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 Receiver function analyses from Wagner et al. (2010) show crustal thicknesses 

ranging from 47 km below the Blue Ridge province to 42 km below the Central 

Piedmont.  Wagner et al. (2010) account for lateral heterogeneities within the basement 

by grouping receiver functions azimuthally.  Baker (2006) shows receiver function results 

that indicate crustal thicknesses of ~48-52 km below the Blue Ridge province and ~39-42 

km below the Carolina terrane.  Azimuth variation shows that, at each location, crustal 

thickness decreases from NW to SE.  !!!! is also calculated and is 1.742-1.852 in the Blue 

Ridge province and 1.720-1.777 in the Carolina terrane (Baker, 2006).  These results are 

indicative of a granitic/intermediate composition within the Blue Ridge to a more granitic 

composition within the Carolina terrane (Christensen, 1996; Baker, 2006).   

 Wide-angled reflection techniques using regional quarry blasts yield crustal 

thicknesses of 47-51 km below the Blue Ridge to 38 km below the Carolina terrane 

(Hawman, 2008).  Again, crustal thinning is in the southeast direction.  Thicknesses from 

wide-angled reflection data agree well with those from receiver function studies.   

 Local earthquake tomography indicates that velocity changes abruptly across the 

vertical projection of the NY-AL magnetic lineament; low velocity is present to the 

northwest of the lineament while high velocity is present to the southeast (Figure 6).  The 

low-velocity zone extends to at least 20 km depth.  Relocated earthquake hypocenters 

occur within a depth range of 4-22 km.  This correlates well with depth constraints 

presented by Chapman et al. (1997). 
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Figure 3:  Magnetic and gravity anomalies within the ETSZ.  The NY-AL lineament is 
labeled in each map.  a) Magnetic anomaly map.  Notice the high magnetic signature 
west of the lineament and the low magnetic signature east of the lineament.  b) Bouguer 
gravity anomaly map.  The gravity highs and lows correlated with the magnetic highs and 
lows in some places.  However, in some instances, the potential fields are anticorrelated.  
An example is the gravity low associated with the NY-AL lineament magnetic high.  
Data obtained from GeoNet Gravity and Magnetic Dataset Repository from the 
University of Texas at El Paso (http://irpsrvgis00.utep.edu/repositorywebsite). 
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Figure 4:  Map depicting locations of 8 seismic reflection lines from COCORP and the 
Great Lakes International Multidisciplinary Program on Crustal Evolution (GLIMPCE): 
TN-3, TN-4, IN-1, OH-1, OH-2, NY-7, and NY-8 from COCORP.  GFTZ and the Amish 
Anomaly are appropriately labeled as the SW-NE trending lineaments. (from Culotta et 
al., 1990). 
 

 

 
 

Figure 5:  Map depicting local seismicity within the ETSZ.  The NY-AL and Clingman 
lineaments are labeled above.  Notice seismicity confined primarily to the SE side of the 
NY-AL lineament.  921 events from CERI seisnet database, spanning 1984-2009. 
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Figure 6:  P-wave (left) and S-wave (right) velocity anomalies for the ETSZ.  Slices in 4 
km intervals.  Red indicates low velocities and blue indicates high velocities.  Notice at 
depth how P-wave velocities begin to lose resolution, but S-wave velocities intensify.  
(modified from Powell et al., 2012).   
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An integrated study of COCORP acquisition lines from Tennessee to New York 

has identified the Grenville Front Transition Zone (GFTZ) and the NY-AL/Amish 

anomaly in several locations (Figure 4) (Culotta et al., 1990).  COCORP reflection lines 

within the GFTZ show eastward dipping structure while COCORP reflection lines 

crossing with the NY-AL/Amish anomaly show westward dipping structure.  Correlation 

of the west-dipping structure with a boundary between two terranes containing 

magmatic-arc rocks in Canada suggests that the GFTZ/NY-AL/Amish anomaly zone 

represents a large intra-Grenville suture zone (Culotta et al., 1990).  In our study area, the 

location of the GFTZ is known only in the vicinity of the TN-KY border and is based 

upon the presence or absence of Grenville-aged metamorphism in drilled rock cores 

(Keller et al., 1982).  The front may exist close to the western edge of our study region 

(Figure 4; Figure 7). 

 
 

 
 

Figure 7:  Map showing the outline of our study area.  Study area is within the red box. 
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DATA AND DATA PROCESSING 

 Data for this study come from the University of Memphis’ Center for Earthquake 

Research and Information (CERI).  CERI operates and maintains a seismic network 

within the ETSZ (Figure 8).  The network consists of 23 short-period and three 

broadband seismometers.  We incorporate one additional station (TZTN) which is 

operated and maintained by the Incorporated Research Institutions for Seismology (IRIS) 

and is located in Tazewell, TN.   

Events used must meet selection criteria in order to be used for this project.  All 

events must be teleseismic with moment magnitudes greater than 6.  They must be within 

an epicentral distance of 30°-90° with focal depths greater than 30 km.  Epicentral 

distances between 30° and 90° ensure simple mantle wave propagation and a near vertical 

arrival that has the potential for producing a strong Ps conversion at Moho depth.  A total 

of 53 events are used for this study.  Appendix A provides information for the events 

used.  Figure 9 shows the location of these events and the distribution with respect to 

epicentral distance and azimuth.  

A variety of instrument types exist throughout the eastern Tennessee seismic 

network.  Short-period seismometers are either S-13 or L-4, and broadband seismometers 

are either Trillium-120 or STS2-I.  The L-4 short-period seismometer stations are: 

CCNC, GFM, MGNC, RBNC, SMNC, TRYN, TVNC, and WSNC.  The S-13 short-

period seismometer stations are: ASTN, BCRT, BHT, CCRT, CMGA, CPRT, DYTN, 

ETT, GMG, GRBT, GTTN, LRVA, RCGA, VHTN, and WMTN.  Station TZTN, 

maintained by IRIS, is an STS2-I, and the remaining broadband seismometers are 

Trillium-120.   
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Figure 8:  ETSZ network station map.  Red stations have S-13 and L-4 short-period 
seismometers.  Blue stations are broadband seismometers. The broadband station TZTN 
is maintained by IRIS.  Stations’ instruments are described previously.   
  

 

 
 

         Figure 9:  Map depicting events used in this study. 
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TRANSFER FUNCTIONS 
 
 Transfer function analysis can be used to image crustal and deeper interfaces 

where velocity contrasts produce Ps and/or Sp conversions (Figure 10) (Langston, 1979).  

Ideally, broadband seismometers are excellent at imaging upper mantle/lower crustal 

structures.  Short-period seismometers reveal the presence of shallower crustal structure 

due to their higher frequency bandwidth (Langston, 1981; Jones and Phinney, 1998). 

 

 

 
 

Figure 10:  Transfer function ray diagram.  Above shows the rays as they transmit 
through a boundary.  Blue lines represent S waves.  Orange lines represent P waves.  
Below shows the phases present in a tansfer function. The phases in the transfer function 
can be seen in the diagram above it for any clarification.  The Ps phase is the direct 
converted phase from a given boundary (namely the Moho), while the other phases are 
the multiples from that given boundary. 
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TRANSFER FUNCTION P-WAVE EQUALIZATION 

 The first step in transfer function analysis is to ensure that all stations share the 

same instrument response.  This is done to satisfy criteria for a stacking method described 

below.  All instrument responses were corrected to that of an S-13 short-period 

seismometer.   

Transfer functions were created event-by-event using array stacking of vertical 

components (Langston and Hammer, 2001).  Processing starts with the rotation of event 

N-S and E-W components into radial (away from source) and transverse (clockwise 

looking downward) motions.  We assume that all vertical components will contain the 

same source wavelet for a given event since our area of interest is small relative to the 

distance to the earthquake.  Stacking the vertical components will enhance that source 

wavelet and attenuate any random noise within the seismograms (Langston and Hammer, 

2001).  In order to stack the vertical components, a time shift is determined using cross 

correlation of a reference station to all other stations, and then the shifts are applied to 

every component to ensure that all seismograms are aligned properly. The reference 

station is determined separately for each event and is chosen visually.  Once a vertical 

component stack is created (1), deconvolution can be performed to obtain the transfer 

functions.   

 
! ! = !

! !!(! + !!)!
!!!        ! = 1,2,3,⋯!                                 (1) 

 

is the formulation for the vertical component stack, where !(!) is the stack, ! is the 

number of stations in the stack, !!(!) is the vertical component from the jth station, and !! 
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is the relative time lag determined by cross correlation of a reference station vertical 

component with the vertical component from the jth station.   

We use a spectral “waterlevel” deconvolution from Langston (1979).  A 

convolution model is assumed for each seismogram: 

 
!! ! = ! ! ⋇ !! !  
!! ! = ! ! ⋇ !! !                                                   (2) 
!! ! = ! ! ⋇ !! !  

 

where !!(!), !!(!), and !!(!) are the vertical, radial, and tangential seismograms.  S(t) 

is the stacked effective source function which also includes the S-13 instrument response, 

and E(t) is the earth response.  

Deconvolution is division in the frequency domain.  Therefore, we can obtain 

vertical, radial, and tangential transfer functions in the frequency domain from 

 
!! ! = !! !

! !   

!! ! = !! !
! !                                                        (3) 

!! ! = !! !
! !   

  

 Transforming these results back into the time domain will yield the transfer 

functions.  However, these transfer functions will contain random noise.  Before 

transforming into the time domain, high frequency noise can be attenuated by applying 

the transform of a Gaussian function, !(!), to the deconvolution (Langston, 1979): 

 
!! ! = !! ! !∗(!)

!!! ! ⋅ ! !                                             (4) 
 

 
!!! ! = max ! ! !∗ ! , !max ! ! !∗ !                       (5) 
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! ! = !
!!!
!!!                                                        (6) 

 

The asterisks denote complex conjugates. !!!(!) is the “waterlevel” deconvolution.  The 

troughs of the spectrum are filled to a certain level depending on the constant ! in order 

to avoid dividing by zero.  For every deconvolution we assume ! = 0.04 and ! = 8.  ! 

controls the width of the Gaussian function.  Increasing the width of the Gaussian 

produces a lower-frequency estimate of the transfer functions (Ammon et al., 1990).  

 The azimuthal variation of the earthquake data is small; most of our events 

occurred either along the Aleutian Islands-Kamchatka-Kuril Islands or in South America 

near Chile (Figure 9).  Each station’s radial, tangential, and vertical component transfer 

function is a stack of all of the transfer functions that we computed for that given station. 

Table 1 shows how many waveforms are stacked for each station.  The lack of 

waveforms in each stack is a result from either missing horizontal components, stations 

that were down, stations that had not been installed until the end of the time period of our 

dataset, and/or noisy data that resulted in bad transfer functions.   

 Radial component transfer functions were compared to their corresponding 

tangential component transfer functions in order to examine any strong wave scattering 

effects within the data.  Scattered waves on the horizontal component, combined with 

amplitudes that equal those of the radial component, indicate strong large-scale crustal 

heterogeneities near a given station (Langston, 1989).  Figures 11 and 12 show the radial 

and tangential component comparisons for each station within the ETSZ.  A total of 13 

stations were used in subsequent analysis (Figure 11).  The remaining 11 stations were 
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not used due to apparently intense wave scattering (Figure 12).  Stations FPAL, LRVA, 

and WSNC had no transfer functions. 
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Table 1:  Table showing the number of waveforms within each stations’ 
 vertical, radial, and tangential transfer function stack. 
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Figure 11:  Radial and tangential component transfer function comparison.  Both radial 
and tangential waveforms are stacks.  Black line represents the radial component.  Red 
line represents the tangential component.  These stations yield acceptable inversion 
results.   
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Figure 11 cont.:  Radial and tangential component transfer function comparison.  Both 
radial and tangential waveforms are stacks.  Black line represents the radial component.  
Red line represents the tangential component.  These stations yield acceptable inversion 
results.   
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Figure 11 cont.:  Radial and tangential component transfer function comparison.  Both 
radial and tangential waveforms are stacks.  Black line represents the radial component.  
Red line represents the tangential component.  These stations yield acceptable inversion 
results.   
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Figure 12:  Radial and tangential component transfer function comparison.  Both radial 
and tangential waveforms are stacks.  Black line represents the radial component.  Red 
line represents the tangential component.  These stations yield inconsistent inversion 
results and bad waveform fits.   
 

 

 

0 2 4 6 8 10 12 14 16 18 20
−1

−0.5

0

0.5

1

1.5

Time (s)

ASTN

0 2 4 6 8 10 12 14 16 18 20
−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

Time (s)

BHT

0 2 4 6 8 10 12 14 16 18 20
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2

2.5

Time (s)

CCNC

0 2 4 6 8 10 12 14 16 18 20
−1.5

−1

−0.5

0

0.5

1

1.5

2

Time (s)

CPRT

0 2 4 6 8 10 12 14 16 18 20
−2

−1

0

1

2

3

4

Time (s)

GFM

0 2 4 6 8 10 12 14 16 18 20
−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Time (s)

GTTN



! 26!

   
 

   
 

 
 

 
Figure 12 cont.:  Radial and tangential component transfer function comparison.  Both 
radial and tangential waveforms are stacks.  Black line represents the radial component.  
Red line represents the tangential component.  These stations yield inconsistent inversion 
results and bad waveform fits.   
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WAVEFORM INVERSION 

  An inversion of the radial component transfer function is performed to obtain a 

one dimensional velocity model beneath each station.  ET1D, a one dimensional model 

(Figure 13; Table 2), is used as the initial starting model (Vlahovic et al., 1998).  A more 

reasonable starting model was obtained, through forward modeling, by altering the values 

of ET1D and creating synthetics and then comparing the synthetics to the data (radial 

component transfer function) at station CMGA (Figure 14; Table 3).  CMGA was chosen 

because it has a relatively simple waveform, but still contains the complexity of typical 

short-period signals.  Being able to match a starting model to CMGA’s radial component 

transfer function gives us some confidence that our velocity inversions will be 

meaningful.  VP and/or VS are approximated using !!!! ≈ 3.  Density is approximated by 

! ≈ 1.74(!!!.!") (Brocher, 2005).   

 



! 28!

 
 

Figure 13:  Initial velocity model, ET1D.  Values in Table 2.  (from Vlahovic et al., 
1998). 
 
 

                    Table 2:  Values for initial model ET1D.  Velocities 
        are in km/s, density in g/cc, and thickness is in km. 
        (from Vlahovic et al., 1998). 
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Figure 14:  Initial model used in inversions. Values in Table 3.  Model was created by 
the forward modeling technique described earlier.   
 
 

       Table 3:  Values for modified ET1D that is used 
        in our inversions.  Velocities are in km/s, density in  
        g/cc, and thickness is in km. 
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An Occam’s inversion is used to create new velocity models for each station 

within the ETSZ (Ammon et al., 1990; Constable et al., 1987).  From Ammon et al. 

(1990), the forward problem is described by 

 
!! = !! !           ! = 1,2,3,⋯!,                                       (7) 

 

where !! is the data out to N data points, and !! is the operator which works on the model 

!.  This relationship is inherently non-linear.  However, it can be linearized by 

expanding it in a Taylor series about an initial model: 

 
!! ! = !! !! + !, !! ! + ! ∥ !!! ∥,                              (8) 

 
where (!, !!) is the inner product of matrix D.  Matrix D is the m by n partial derivative 

matrix of the operator F on !!.  ! is the number of data points, and ! is the number of 

layers in the model.  The term ! (!!!)  describes the remainder term in the Taylor’s 

expansion and that it is of second order in the model perturbation.  Equation (8) is still 

non-linear, but removing the last term linearizes the system and gives 

 
!, !! ! ≈ !! ! − !! !! .                                            (9) 

 

The right hand side of this equation is the residual vector.  Performing an inversion by 

minimizing the L2 norm here would result in acceptable model changes.  However, 

Constable et al. (1987) describe a method that solves for model parameters instead of 

model parameter perturbations.  By adding (!,!!) to both sides of the last equation, we 

can solve directly for a new ! vector.   

 
!,! ! ≈ !! − !! !! + !,!! !.                                     (10) 
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This inversion can be stabilized and constrained by a priori velocity constraints through 

the addition of smoothing equations to the system.  This is similar to damping, in that we 

minimize the model roughness norm by minimizing the first derivative of the model.  We 

accomplish this by adding !! = ! to the system by 

 
!
!! ! ≈ !!

! − !! !!
! + !!!

! .                                   (11) 

 

The matrix ! represents the first difference of adjacent layers in the model. 

 

! =

1 −1 0 0 ⋯
0 1 −1 0 ⋯
0 0 1 −1 ⋯
0 0 0 1 ⋯
⋅ ⋅ ⋅ ⋅ ⋯

 ,                                         (12) 

 

where, since ! is an m by n matrix, ! is a p by n matrix so that m ≥ n ≥ p and p is the 

number of layers within the model. The constant, !, scales the effect that the first 

derivative will have on the inversion. 

The partial derivatives in ! are computed using finite differences of the forward 

model and the forward model with each layer perturbed by 2.5% of its original value.  

The general form of the partial derivative matrix is 

 

! =

!!!(!)
!!!

⋯ !!!(!)
!!!

⋮ ⋱ ⋮
!!!(!)
!!!

⋯ !!!(!)
!!!

                                             (13) 

 

where a first order finite difference approximation is assumed by 
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!" ! !
!!!

≈ !!"# !! !!!"#(!!!!!!)
!!!!

          ! = 1,2,3,⋯!.                        (14) 

 

The matrix ! is an m by n matrix, where m is the number of data points (N), and n is the 

number of layers within the model.  !!"# is the synthetic seismogram created from the 

forward problem, and !!! is the amount of change from the perturbation of a specific 

layer’s value.     

 Waveform fitting can be difficult, and one must remember that the smoothest 

model does not always result in a quality fit, and a quality fit does not always come from 

the smoothest model.  There is always a trade-off.  For this project, we perform a suite of 

inversions with varying !’s: from 0.6-1.8.  The tolerance cut-off for the inversion is when 

the residual difference between iterations is less than 0.001.  Most inversions converge 

within four or five iterations. We use a ray parameter of 0.06 for our synthetics, which is 

comparable to an event about 60° away in epicentral distance.  We choose this ray 

parameter because our transfer functions are stacks of all of the events, and 0.06 is a good 

average of them.  Ray parameter is used in our synthetic seismogram calculations and is 

used to find the incidence angle of the ray through a propagator matrix.   

 Absolute amplitude is a problem when inverting waveforms.  Our synthetics are, 

for the most part, larger in amplitude than the data are.  Amplitude control is crucial to 

the stability of the inversion.  The amplitudes of the synthetic waveforms throughout the 

inversion iterations are scaled using 

 
!!"# =

!!"#[!"# ! ]
!"#!{!!"#}

                                                    (15) 
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where d is the data waveform.  This forces the synthetic seismogram’s maximum 

amplitude to be scaled to the amplitude of the data.   
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SYNTHETIC INVERSION 

 To check the accuracy of our inversion we invert synthetics created with a known 

velocity model to see if we can get our initial parameters back out of the inversion.  For 

this we created 10 synthetic seismograms using ET1D (Figure 13; Table 2).  The 

seismograms were created using varying ray parameters equivalent to epicentral distances 

of 30°-90°.  These waveforms were then stacked to emulate our stacks of data within the 

actual inversions.  After creating our “data” (stack of synthetic seismograms), we 

perturbed ET1D drastically to change its effect on any newly created synthetic 

seismograms.  This perturbed earth model is now our starting model for the inversion.  

Using the methods above, and a ! of 0.5, we were able to obtain the original waveform 

fit and earth model after 7 iterations.  Figure 15 shows the waveform fits and the 

associated earth models for this synthetic inversion.  We were able to fit the waveform 

nearly perfectly to the “data,” and our final model agrees very well with the original 

ET1D earth model.  These results increase our confidence with our inversion technique 

and program.   
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Figure 15:  Results from a synthetic inversion.  a) !! profiles for the initial model 
(black), the final model (red), and ET1D (blue).  b) Waveforms associated with the 
inversion.  Black line is the synthetic stack created using ET1D.  Red line is the final 
waveform from the inversion.  Dashed line is the synthetic seismogram from the initial 
model.   
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RESULTS 
 

Results yield acceptable waveform fits to the data with reasonable earth models. 

Figure 16 shows the waveform fits of each inversion performed at the 13 stations used in 

the study.  The inversions generally fit very well within the first 13 seconds and begin to 

fail past that.  Scattering is suggested because the amplitude of the radial component 

matches that of the tangential component beginning at around 13 seconds (Figure 11).  

 Earth models were obtained for each individual station.  Figure 17 shows the P-

wave velocity profiles for each of the inversions.  We invert for VS, however it is more 

customary to display velocities in VP.  VP is overall easier to understand and is better 

known to most people.  Each suite of inversions represents results from a range of 

smoothing parameters.  An indication of the variance in each layer is provided by the 

spread of the inversion results.  These are simply ranges for what the velocity of any 

given layer could be.  While the true velocity value is a goal for this project, we are more 

interested in the trends of velocities within the earth models.  Appendix B shows the 

averages, maximums, and minimums for each layer in each station’s suite of inversions. 

These ranges for portions of the velocity models capture what could be true velocities in 

the subsurface.  The areas where all of the inversions are very close together are areas 

where we are able to resolve earth structure very well and are probably a good indicator 

of true velocity.  It is difficult to say which smoothing parameter at each station creates 

the “correct” model.  This is why we have performed several inversions at each station to 

show the ranges possible.   
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Figure 16:  Waveform inversion results from stations BCRT, CCRT, CMGA, CPCT, 
DYTN, and ETT.  Waveforms inverted are stacked waveforms.  Black line represents the 
radial receiver function data.  Red lines represent the inversion results with varying 
smoothing constraints.   
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Figure 16 cont.:  Waveform inversion results from stations GMG, GRBT, RCGA, 
SMNC, SWET, and TVNC.  Waveforms inverted are stacked waveforms.  Black line 
represents the radial receiver function data.  Red lines represent the inversion results with 
varying smoothing constraints.   
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 Figure 16 cont.:  Waveform inversion result from station TZTN.  Waveform  
is a stacked waveform.  Black line represents the radial receiver function  
data.  Red lines represent the inversion results with varying smoothing 
constraints.   
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Figure 17:  P-wave velocity profiles for stations BCRT, CCRT, CMGA, CPCT, DYTN, 
and ETT.  Each inversion is the result of using a different smoothing parameter.  Range 
of smoothing parameters is labeled above each profile and increases 0.1 for each 
inversion.  Moho and any gradational Moho is labeled.  Red circles represent the 60 km 
depth high velocity zone.  Blue circles represent the 65 km depth high velocity zone. 
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Figure 17 cont.:  P-wave velocity profiles for stations GMG, GRBT, RCGA, SMNC, 
SWET, and TVNC.  Each inversion is the result of using a different smoothing 
parameter.  Range of smoothing parameters is labeled above each profile and increases 
0.1 for each inversion.  Moho and any gradational Moho is labeled.  Red circles represent 
the 60 km depth high velocity zone.  Blue circles represent the 65 km depth high velocity 
zone. 
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  Figure 17 cont.:  P-wave velocity profile for station TZTN.  Each 
  inversion is the result of using a different smoothing parameter. 
  Range of smoothing parameters is labeled above the profile  
  and increases 0.1 for each inversion.  Moho and any gradational  

Moho is labeled.  Red circles represent the 60 km depth high velocity 
zone.  Blue circles represent the 65 km depth high velocity zone. 
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COMPARISON AGAINST A BROADBAND SEISMOMETER 

 An inversion was done for a single event recorded by broadband seismometers 

and short-period seismometers in order to see similarities and/or differences in the 

velocity model.  An event on February 16, 2008 in Potosi, Bolivia was used for this 

calculation.  One short-period and one broadband radial component transfer function 

were computed for stations CPCT, SWET, and TZTN.  The alpha value for the short-

period calculations was 8, and the alpha value for the broadband calculations was 3.  

Figure 18 shows the similarities and differences between the two methods at each station.   

 Overall, the general trend of both the broadband and short-period inversions is 

very similar.  The greatest differences occur for  station TZTN; the upper 10 km of the 

velocity profiles approximately agree, but the deeper features are different.  The short-

period inversion has higher velocities at depth overall, but one can still see a high 

velocity layer at 65 km depth on both inversions.  At CPCT and SWET we see the same 

high and low velocity zones in each velocity profile.  The short-period inversion results 

show a little more detail within those high and low velocity zones.  Figures 18g and 18h 

illustrate this well.  The high velocity zone at ~65 km depth is seen in both profiles.  

However, in Figure 18h we see a slight decrease in velocity just below the high velocity 

zone that is not seen in Figure 18g.   

 Inverting both broadband and short-period data also allows us to constrain our 

results.  For the most part, the upper 10 km of both the broadband and the short-period 

inversion results agree.  
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Figure 18:  Comparison between the broadband and short-period methodologies at 
station CPCT.  Event from 02/16/2008 in Potosi, Bolivia.  a) Broadband radial 
component transfer function.  b) Short-period radial component transfer function.  c) 
Broadband inversion results (P-wave profile).  d) Short-period inversion results (P-wave 
profile).  
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Figure 18 cont.:  Results from station SWET.  e) Broadband radial component transfer 
function.  f) Short-period radial component transfer function.  g) Broadband inversion 
results (P-wave profile).  h) Short-period inversion results (P-wave profile).   
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Figure 18 cont.:  Results from station TZTN.  i) Broadband radial component transfer 
function.  j) Short-period radial component transfer function.  k) Broadband inversion 
results (P-wave profile).  l) Short-period inversion results (P-wave profile).   
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DISCUSSION 

 Our results provide new insight into the subsurface features of the ETSZ.  Moho 

depths in the region are difficult to decipher.  In many places the Moho is quite 

gradational, and in others it is visible as an abrupt increase in velocity.  Figures 17 and 

19a illustrate the locations of Moho depth at some stations within the ETSZ.  Stations 

BCRT, CCRT, ETT, GRBT, SMNC, SWET, TVNC, and TZTN show an arguable Moho 

break in velocity in Figure 17.  Other stations mostly show a gradational or laminated 

boundary making any Moho break difficult to determine.  Laminated Moho boundaries 

are thought to be thin layered structures and have not been adequately studied.  

Hypotheses for a laminated Moho boundary are: relatively undeformed metasediments, 

cumulate layering, tectonic banding, and lenses of partial melt (Hale and Thompson, 

1982).  Meissner (1973) proposes layers of partial melt, crystallization seams, intrusions, 

and the peeling of mantle matter for a stepwise increase in velocity across a Moho 

boundary.  Systematic variations in Moho depth are not observed, and variation in Moho 

depth is very limited.  While stations like BCRT, CMGA, and TZTN show a very 

laminated boundary at Moho depths, stations CCRT and SMNC show a distinct Moho 

boundary around 46 km.  This is comparable to results from other receiver function 

studies indicating that the Moho in central Tennessee is within a laminated zone of 40-55 

km depth (Owens et al., 1984).  

Past studies have involved broadband radial component receiver functions, and 

we have shown that the broadband receiver function and the short-period transfer 

function for a given station are very different (Figure 18).  While the main phases within 

the transfer functions can be seen in both seismograms, the short-period transfer function 
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contains far more amplitude variation.  This is due to the short-period seismometer’s 

bandwidth at higher frequencies.  The velocity inversion results of the two methods share 

both similarities and differences (Figure 18).  The upper ~10 km of the short-period 

velocity profile agrees with the upper ~10 km of the broadband profile.  The rest of the 

short-period velocity profile follows the overall trend of the broadband profile, but 

displays far more variation and detail.  Thus the short-period seismometer transfer 

function study is much more detailed than that of a broadband seismometer transfer 

function study and may provide a more detailed velocity model due to its higher 

frequency bandwidth.  

The uppermost 10 km within the ETSZ shows erratic velocity contrasts beginning 

at lower velocities and increasing up to ~6 km/s at 10 km depth.  This does not correlate 

with the large horizontal decollement as the decollement is 0-5 km deep in our study area.  

Station TVNC shows a high velocity layer at shallow depths.  This could be related to the 

igneous rocks that are present at the surface within the Blue Ridge province.  More 

studies will need to be performed to learn more about the upper 10 km within the ETSZ.  

             A striking feature visible in several of the velocity profiles is the presence of a 

high velocity layer at ~60-65 km depth (Figure 17; Figure 19b).  This is noteworthy 

because it agrees well with findings from Langston (1994) for station CCM (Cathedral 

Cave, Missouri) showing a high velocity layer 10 -15 km thick within the mantle around 

60 km depth with P-wave velocity of 8.5 km/s.  Our mantle high velocity layer, where 

visible, has P-wave velocities ranging from ~8.2-8.58 km/s.  These velocities are 

comparable to velocities for rock compositions of mafic eclogite or ultramafic dunite 

(Christensen, 1996).  The depth to the top of the high velocity zone in our study varies 
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from west to east (Figure 19b).  Stations RCGA, DYTN, BCRT, and TZTN are 

associated with a prominent high velocity layer around 60 km depth. For stations GMG, 

ETT, CPCT, CCRT, and GRBT, the high velocity layer is located around 65 km.  It is 

noteworthy that the change in depth to the top of the high velocity layer occurs across the 

vertical projection of the NY-AL magnetic lineament.   

  Past tectonics of the region may be better explained by the presence of the high 

velocity mantle feature found in our study.  The high velocity zone has a 5 km down-step 

to the east within the ETSZ across the NY-AL lineament.  This change in structure within 

the ETSZ may suggest that the NY-AL lineament is a large basement fault that affects the 

entire crust and part of the upper mantle.  Langston (1994) finds a high velocity zone in 

Missouri at 60 km depth.  This observation combined with our results suggests that the 

upper mantle high velocity zone could be present over a very broad area.  Basement rocks 

in Missouri are within the Granite Rhyolite province, and the upper mantle high velocity 

zone could represent preserved ultramafic rocks associated with its formation.  If this 

high velocity zone is associated with the Granite Rhyolite province, it is a good 

assumption that the Granite Rhyolite rocks could extend into our study area.  This would 

imply that Grenville basement rocks were thrust over Granite Rhyolite basement during a 

past continental collision.  

    

 

 

 

 



! 50!

 

 

Figure 19:  Maps depicting some of the various boundaries found in the inversion results.  
a) Map where Moho discontinuities can be seen.  Black is a station where the Moho can 
be clearly seen on the velocity profile.  The Moho is generally around 46-48 km depth 
within the ETSZ.  Gray is a station where the Moho is somewhat noticeable.  Clear 
circles are stations where the Moho is gradational and does not show any sharp 
discontinuities.  b) Locations where the 60-65 km upper mantle high velocity zone can be 
seen.  Black is a 60 km depth high velocity zone, and gray is a 65 km depth high velocity 
zone.  Notice the abrupt drop from 60 to 65 km across the NY-AL lineament.   
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CONCLUSIONS 

 We have demonstrated that a short-period seismometer array works very well for 

radial component transfer function studies.  The higher frequency bandwidth allows for 

better retention of amplitude variations through the deconvolution process.  This, in turn, 

results in acceptable inversion results for velocity versus depth.  We have shown the 

complexity and uniqueness of the ETSZ through our methods.   

 Moho depth in our area of study does not vary much in any particular direction.  It 

is mainly located around 45-50 km depth.  However, some of our stations within the 

ETSZ show a laminated Moho boundary adding to the complexity of our study area.   

 The presence of a high velocity layer in the upper mantle at 60-65 km depth is 

intriguing and sparks curiosity about its origin.  This layer is seen in other studies to the 

west of our research area, and we believe it extends into our area.  The 5 km down-step 

across the NY-AL lineament opens for discussion the assumption that the NY-AL 

lineament is a deeper structure than previously thought and affects not only the upper 

crust, but the lower crust and upper mantle as well.   

 Further studies can be performed using the Earthscope transportable array (TA) 

and the FlexArray network associated with the Northern Embayment Lithosphere 

Experiment (NELE) (Langston, 2011).  Gaps or other changes in the upper mantle high 

velocity zone could place constraints on past rifting cycles including the Reelfoot rift in 

the NMSZ.   
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Table 4:  Table showing the list of events used in this study.   

 
 
 
 
 
 
 
 



! 57!

Table 4 cont.:  Table showing the list of events used in this study.  
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Table 5:  Inversion values corresponding to results from Figure 12 for station BCRT.  
Velocities are in km/s, density in g/cc, and thickness is in km. 
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Table 6:  Inversion values corresponding to results from Figure 12 for station CCRT. 
Velocities are in km/s, density in g/cc, and thickness is in km. 
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Table 7:  Inversion values corresponding to results from Figure 12 for station CMGA. 
Velocities are in km/s, density in g/cc, and thickness is in km. 
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Table 8:  Inversion values corresponding to results from Figure 12 for station CPCT. 
Velocities are in km/s, density in g/cc, and thickness is in km. 
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Table 9:  Inversion values corresponding to results from Figure 12 for station DYTN. 
Velocities are in km/s, density in g/cc, and thickness is in km. 
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Table 10:  Inversion values corresponding to results from Figure 12 for station ETT. 
Velocities are in km/s, density in g/cc, and thickness is in km. 
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Table 11:  Inversion values corresponding to results from Figure 12 for station GMG. 
Velocities are in km/s, density in g/cc, and thickness is in km. 
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Table 12:  Inversion values corresponding to results from Figure 12 for station GRBT. 
Velocities are in km/s, density in g/cc, and thickness is in km. 
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Table 13:  Inversion values corresponding to results from Figure 12 for station RCGA. 
Velocities are in km/s, density in g/cc, and thickness is in km. 
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Table 14:  Inversion values corresponding to results from Figure 12 for station SMNC. 
Velocities are in km/s, density in g/cc, and thickness is in km. 
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Table 15:  Inversion values corresponding to results from Figure 12 for station SWET. 
Velocities are in km/s, density in g/cc, and thickness is in km. 

 
 
 
 
 
 
 
 
 

 



! 70!

Table 16:  Inversion values corresponding to results from Figure 12 for station TVNC. 
Velocities are in km/s, density in g/cc, and thickness is in km. 
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Table 17:  Inversion values corresponding to results from Figure 12 for station TZTN. 
Velocities are in km/s, density in g/cc, and thickness is in km. 
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