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Abstract

The Northeastern Gulf of Mexico: Volcanic or Passive Margin?

Seismic Implications of the Gulf of Mexico Basin Opening Project

Mark Hamilton Duncan, MS Geosciences

The University of Texas at Austin, 2013

Supervisors: Gail Christeson, Harm Van Avendonk

The Gulf of Mexico Basin Opening project (GUMBO) is a study of the
lithological composition and structural evolution of the Gulf of Mexico (GoM) that uses
Ocean Bottom Seismometer (OBS) data from four transects in the Northern GoM. I
examine 39 OBS shot records in the easternmost transect for shear wave arrivals and pick
shear wave travel times from the 11 usable records. 1 then carry out a tomographic
inversion of seismic refraction travel times. I use the resulting shear-wave velocity model
in conjunction with a previously constructed P-wave model to examine the relationship
between Vp and Vs. I compare velocities in the sediment and basement with empirical
velocities from previous studies for the purpose of constraining lithological composition
below the transect and make an interpretation of the structural evolution of the eastern
GoM.

The seismic velocities for crust landward of the Florida Escarpment are consistent
with normal continental crust. Seaward of the Escarpment, velocities in the upper oceanic
crust are anomalously high (Vp = 6.5 — 7 km/sec; Vs = 4.0 — 4.6 km/sec). A possible
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explanation for this observation is that GoM basalt formation consisted of basaltic sheet
flows, forming oceanic crust that does not contain the vesicularity and lower seismic
velocities found in typical pillow basalts. Increased magnesium and iron content could
also account for these high velocities.

Seismic refraction and reflection data provide a means of investigating the nature
of the Moho in the northeastern GoM. I use a finite difference method to generate
synthetic record sections for data from eight instruments that are part of the two
easternmost GUMBO seismic lines (lines 3 & 4). I then vary the thickness of the Moho in
these synthetic models and compare the results with the original receiver gather to
examine the effects this variability has on amplitudes.

The data from the instruments chosen for these two lines are representative of
continental and transitional crust. The finite difference models indicate that the Moho
beneath GUMBO 3 is ~1500 m thick based on the onset and amplitudes of PmP arrivals.
All five instruments display consistent results. The instruments along GUMBO 4 suggest
a Moho almost twice as thick as GUMBO 3 on the landward end of the transect that
grades into a Moho of similar thickness (1750 m) in the deep water GoM. The three
instruments used to model the Moho in this area show that the Moho ranges from ~1750
to 3500 m in thickness. The sharper boundary beneath continental crust in GUMBO Line
3 supports other evidence that suggests magmatic underplating and volcanism in the
northern GoM during the mid-Jurassic. The thicker Moho seen on the landward end of
GUMBO Line 4 that is overlain by continental crust was likely unaffected by GoM
rifting. Therefore, the Moho beneath the Florida Platform might be as old as the
Suwannee Terrane, and complex Moho structure is not uncommon for ancient continental

crust.
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CHAPTER 1: GEOLOGIC BACKGROUND

Introduction

The opening of the Gulf of Mexico (GoM) Basin is a relatively enigmatic subject.
Thick sediment cover, a lack of magnetic anomalies that show the age and direction of
seafloor spreading, as well as a lack of deep geophysical data that detail the nature of the
basement make the study of GoM structural evolution very challenging.

Detrital zircon analysis, heat flow measurements, and the principles of
superposition have led to a general consensus that the rifting that resulted in the basin
opening initiated in the mid to late Jurassic, ~165 Ma, and that the Yucatan block rotated
counter-clockwise away from North America by ~40 — 60 degrees (Pindell and Dewey
1982; Bird, 2005; Mann, 2007; Stern and Dickinson, 2010; Urban et al., 2011) by ~140
Ma. Reconstructions show that the northwestern edge of what is now the Yucatan
peninsula was attached to North America until the early Jurassic (Pindell and Dewey
1982; Bird, 2005; Stern and Dickinson, 2010). The rotational opening suggests that at
least one dextral strike slip boundary must have existed in the mid to late Jurassic on the
eastern coast of present day Mexico to accommodate this motion (Ross and Scotese,
1988; Stern and Dickinson 2010). The Yucatan is considered to contain key pieces of
information to understanding the tectonic motion of the GoM (Pindell and Dewey, 1982).
It is an independently moving block of continental crust that is shown in paleo-
reconstructions to have been wedged between North and South America prior to
continental breakup (Ross and Scotese, 1988). Subsequently, the Yucatan block moved

southward in the same direction as South America, and then it rotated counter clockwise



as a result of the opening of the western GoM (Pindell and Dewey, 1982; Ross and
Scotese, 1988; Urban et al., 2011).

The Louann and Campeche salt formations are considered vitally important in
understanding tectonic motion and timing in the GoM. It is believed that the top of these
salt deposits must not be much older than late Callovian in age (Salvador, 1987). If they
were, they would have been eroded or washed away through dissolution before the
overlying upper Jurassic age Norphlet clastics were deposited (Imlay, 1980). The
deposition of this salt is the result of the initial flooding of seawater during the early
expansion of the GoM, followed by a period of lowered sea level and evaporation. The
presence of these salt deposits suggests that seawater circulation was limited in the early
GoM, however, it is tentatively suggested that oceanic crust formed in the middle of these
deposits, splitting them into the two north and south segments (Sawyer et al., 1991). The
east-west trending spreading center in the GoM is inferred by observing that these salt
formations are of the same age and divided into north and south provinces (Sawyer et al.,
1991).

Important questions remain related to how this motion was accomplished, e.g.
where is the Euler rotation pole for basin opening in the western GoM and how does this
translate to opening in the east? What roles do oceanic crust and surrounding blocks of
continental crust play in structural evolution? What are the causes for the initiation of
continental rifting and the underlying mechanisms responsible for spreading in both the
eastern and western GoM? Was the margin cold and devoid of magma, or was extension
accompanied by volcanic activity? This study focuses specifically on the nature of rifting

in the eastern GoM.



Mechanisms for Basin Opening

BACKGROUND

There are many studies that use various methods to constrain the timing and
kinematics relating to paleo-reconstructions of the GoM basin opening as well as several
different hypotheses as to the cause of the opening itself (Bird et al., 2005; Fillon, 2007;
Mann, 2007; Mickus et al., 2009; Stern and Dickinson, 2010; Urban et al., 2011). The red
beds of the Eagle Mills formation are potentially a resultant formation from the Late
Triassic Texas uplift (Dickinson et al., 2010) and a strong indicator for the onset of initial
rifting in the GoM ~200 Ma (Salvador, 1987). The timing for basin opening has primarily
been constrained using detrital zircons from Mesozoic sedimentary rocks, as well as heat
flow measurements and superposition of stratigraphic layers that suggest that GoM
seafloor spreading began ~165 Ma and ended between 140 and 145 Ma (Pindell and
Dewey 1982; Salvador, 1987; Ross and Scotese, 1988; Galloway, 2008; Stern and
Dickinson, 2010 ). Later stratigraphic units show rifting of the GoM margins (Norphlet
clastics, Buckner, Smackover and Cotton Valley deposits ~155 — 140 Ma) overlying
evaporates that suggest initial flooding in the GoM (Louann Salt ~165 Ma). Finally
cooling and subsidence increased sedimentation rates and allowed for episodes of large
carbonate deposits (Sligo, James, Stuart City deposits ~130 — 100 Ma) along the rim of
the modern GoM (Galloway, 2008).

Paleo-reconstructions show that the GoM is the result of continental rifting and
short-lived seafloor spreading prior to the complete breakup of Pangaea (Ross and
Scotese, 1988; Pindell et al., 2009). Several studies have come to similar conclusions and
extend these ideas, attributing the cessation of sea floor spreading to interactions between
North America, South America, and Mexican terranes (Mann, 2007; Urban et al., 2011).

These ideas vary only slightly with regard to fault placement and complexity and show
3



that the basin opening is just one piece of a very complicated story of Caribbean tectonic

evolution.

PREVIOUS STUDIES

Bird et al. (2005) argue that a late Jurassic mantle plume generated hotspot tracks
on both the North American plate and the Yucatan Peninsula tectonic block during basin
opening. Gravity anomalies form two separate tracks that mirror each other along the
inferred spreading center in the western GoM. The westward motion of the plate relative
to the hotspot, concurrent with the spreading of oceanic crust to the North and South
could certainly account for the gravity anomaly pattern presented by Bird et al. (2005). It
is important to note however, that even if these gravity anomalies are the result of a small
hotspot, the plume, according to the timing by Bird et al. (2005), would be far younger
than the initial rift basins and is not a likely cause for rifting.

The hotspot-track argument is supported by plate kinematic models and a rotation
pole consistent with 20 degrees of counter-clockwise rotation through sea floor spreading
(Bird et al., 2005). A hot spot in the western GoM would suggest that deep mantle
material had in fact become buoyant at some time prior to spreading, and would support
the findings of later studies (Dickinson, 2009; Mickus et al., 2009) that suggest that the
northwestern GoM is a volcanic rifted margin that grades into an amagmatic rifted
margin east of Louisiana. However, the notion that the eastern GoM is nonvolcanic
(Dickinson, 2009; Mickus et al., 2009) is disputed by data that include seaward dipping
reflectors (SDRs) south of the Florida panhandle below the Louann salt deposits, and a
crustal geometry of the margin that is not consistent with passive continental boundaries

(Imbert, 2005).



Stern and Dickinson (2010) classify the Gulf of Mexico as a Jurassic back-arc
basin (BAB) in that it is an extensional basin formed by sea floor spreading, occurring
behind an active magmatic arc and within the lifespan of that magmatic arc. The BAB
hypothesis is supported by the observation that a short lifespan (10 to 30 Ma) is
characteristic of back-arc basins, but the reason for such short lifespans is unknown
(Stern and Dickinson, 2010). This short lifespan is supported by the evidence seen in
currently active back-arc basins with an average age of 11.2 +/- 8.9 Ma and in extinct
back-arc basins with an average duration of 12.5 +/- 4.7 Ma (Stern and Dickinson, 2010).
One of the main differences between BAB basalt and mid-ocean ridge basalt is that BAB
basalt is generated from a magma source that is more hydrated (1.14% versus < 0.5%)
than the mantle beneath mid-ocean ridges (Stern and Dickinson, 2010). A depletion of
the supply of hydrated mantle beneath the basin is one explanation of the ephemeral
nature of BAB spreading (Stern and Dickinson, 2010). The rationale behind the BAB
hypothesis is that subduction causes extension in the overriding plate and, therefore,

provides a mechanism for rifting in the GoM.

SYNTHESIS

Assuming the paleo-reconstruction that places the Yucatan block between South
America and North America with a rotation angle of 40 to 60 degrees is accurate, the
hypothesis that the GoM is a back-arc basin and formed purely by slab rollback from the
north-south trending Nazas arc is unlikely based on the unvarying observation that every
intra-ocean back-arc basin we can easily identify spreads along a ridge axis that is
parallel to the subduction trench. The BAB in the sea of Japan, the Mariana Trough, and

the Lau Basin for example all are within a few degrees of parallel with their
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corresponding subduction trench. On the other hand, continental BABs are not restricted
by this geometry. The Columbia River Flood Basalt province is such an example, which
displays back-arc erratic subaerial extrusion of basalt in which the geometry is bound by
continental topography (Smith, 1992; Stern and Dickinson, 2010). Furthermore, trench
rollback and consequential thinning of the crust cannot be ignored because of the
numerous subduction zones that have existed in this region since the Triassic. This
complexity means that although the GoM is unlikely to be a well-defined intra-oceanic
BAB due to the geometry of the spreading axis, crustal thinning due to slab rollback
coupled with voluminous back-arc igneous activity can certainly be held accountable for
aiding in the thinning of continental crust, subaerial extrusion of basalts, and eventual
opening of the basin (Stern and Dickinson, 2010).

It is difficult to place Florida in plate reconstructions, though it is clear that it
bordered both South America and western Africa prior to the breakup of Pangea (Mann,
2007, Urban et al., 2011). Nonetheless, the Florida Platform is a critical part of
understanding tectonic evolution in the GoM. Based on plate reconstructions it has been
speculated that Florida overlies a major discontinuity that has been interpreted as a left —
lateral transform plate boundary during the Jurassic, connecting the Atlantic and GoM
spreading centers (Klitgord et al., 1984). The Florida Straits Block is thought to have
moved with South America and Africa in the initial rifting stages of the GoM along this
hypothesized transform boundary to the southeast relative to the Suwannee Terrane,
which lies to the north of the boundary (Ross and Scotese, 1988; Heatherington et al.,
1999, 2003).

The Suwannee Terrane extends from southern Georgia and Alabama to the
middle of peninsular Florida, the basement of which is composed of both mafic and felsic

material that are constrained by K-Ar analyses to be early Jurassic in age (Heatherington
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et al., 2003) The analyses of drillhole samples in southern Florida are also Jurassic age,
but differ geochemically and are thought to have been derived from a mantle plume
associated with early Jurassic magmatism (Heatherington et al., 1999, 2003).

Sediments overlying the continental shelf offshore Florida as well as along the
entire rim of the GoM are composed of both clastics and carbonate sequences (Salvador,
1987; Galloway, 2008). Rift-related sedimentary sequences overlie the Suwannee
Terrane to the north of the trans-Florida Jurassic transform boundary. The basins that are
filled with these Jurassic-age sediments are likely the result of failed rifts prior to sea-
floor spreading in the Atlantic (Heatherington et al., 1999, 2003). Northern Florida
contains sedimentary rocks of Paleozoic age, which are overlain by Triassic clastics in
the South Georgia Basin (Klitgord et al., 1984). The carbonate rim along the Florida
Platform is a late Jurassic to mid Cretaceous feature which is the result of a long term

transgression as the GoM subsided (Galloway, 2008).



CHAPTER 2: CONSTRUCTING A SHEAR WAVE VELOCITY
MODEL FOR GUMBO LINE 4

Methods

DATA ACQUISITION

The Gulf of Mexico Basin Opening marine seismic refraction project (GUMBO)
began in the Fall of 2010 with the purpose of constraining crustal lithology as well as
furthering our understanding of rifting and structural evolution in the northern Gulf of
Mexico. This study includes four transects from ~300 km to just over 500 km long, using
Ocean Bottom Seismometer (OBS) deployments and air-gun seismic sources aboard the
R/V Iron Cat. OBS spacing for transects in the eastern GoM is 12 km with a time
sampling interval of 5 ms and a shot spacing of 150 m. The data used in this study are
from the easternmost line (line 4), which extends ~500 km southwest from offshore
Steinhatchee Florida near Gainesville (Fig. 2-1). The transect is perpendicular to the
Florida Escarpment and parallels the approximate rift direction of the eastern GoM

(Fig.2-1).

SHEAR WAVE PICKS
Fig. 2-1 shows the locations of the 43 OBSs that were deployed along GUMBO

line 4. Thirty-eight instruments recorded data of sufficient quality, and eleven recorded
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clear shear-wave arrivals representing crustal refractions and Moho reflections (OBSs
407,418, 419, 422,424, 425, 426, 429, 434, 435, and 441). Four separate channels record
data for each OBS. These include the vertical motion component (channel 1), two
perpendicular horizontal motion components (channels 2 and 3), and the hydrophone, or
water pressure component (channel 4). Channels 1, 2 and 3 consistently display the
clearest and earliest shear wave arrivals. I pick all SmS (Moho reflections) and Sg
(crustal refractions) arrivals with an assigned uncertainty of ~150 ms from either channel
2 or channel 3 in each instrument using the SEG-Y file format and applying a reduction
velocity of 4 km/sec (vertical axis = time(sec) — distance(km)/4(km/sec)). This reduction
velocity displays shear waves as sub-horizontal in the shot record, with SmS arrivals
having slightly higher velocities than those of Sg arrivals. Figure 2-2 shows these picked
arrivals in the vertical channel data as well as the horizontal channel data for a single
OBS (OBS 425, picks were made in channel 2). Figure 2-3 shows the horizontal channel

data for OBS 425 with zoomed in sections for the Sg and SmS picks.

RAY TRACING AND TOMOGRAPHIC INVERSION

To create a starting shear-wave seismic velocity model I use a previously
constructed P-wave model (Fig. 2-4) as a base, and define a linear relationship between
observed P-wave velocities and empirical Vp-Vs relationships from Brocher (2005) (Vs
= a + b*Vp). I assume P-S wave conversion occurs at the seafloor, and modify the
parameters a and b in the sediment layer. I keep a and b fixed in all other layers, and
trace ray paths from source to receiver through the starting model. By doing this, I obtain
misfits between the calculated and observed arrival times that vary among different

instruments. Because these misfits vary from continental to oceanic regimes, I divide

9



GUMBO Line 4 into three lateral sections (0-75 km, 75 — 225 km, 225 — 500 km) with a
and b parameters that best fit each section. I then trace ray paths through this model
following the methods of Van Avendonk et al. (2004). I apply linearized tomographic
inversions (Van Avendonk et al., 2004; Eddy et al., 2013, GRL in press) to update the
basement and sediment layers of the velocity model based on the difference between
observed and calculated shear wave arrival times (figures 2-5 and 2-6). This inversion is
regularized such that it solves for the model with the smoothest Vp/Vs ratio while fitting
the shear-wave travel time data (Eddy et al., in press). I trace ray paths through the
updated velocity model and iterate the tomographic inversion. I repeat this process until
the calculated arrivals fit within the previously determined uncertainty (~150 ms of the
observed arrivals). The final result is the shear-wave velocity model shown in figure 2-7.
There are no clear shear-wave arrivals from refractions or reflections in the sediment
layer observed in the OBS data, which may be due to velocity differences that do not
allow for shear-wave conversion. Therefore, sediment velocities are not constrained by
GUMBO 4 shear-wave arrivals other than by the ray paths that have turned in the
basement. Consequently, I cautiously interpret sediment lithologies using observed P-
wave velocities along with the average corresponding shear-wave velocities for vertical

raypaths through the sediment layer.

Results

Interpreting lithology requires a comparison between the velocities estimated in
the GUMBO 4 models with seismic refraction data and empirical seismic velocities

measured in various laboratory experiments (Hamilton, 1979; Christensen, 1996;
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Brocher, 2005; Bakulin et al., 2008). To make this comparison I select locations for four
vertical profiles in the final velocity models (150, 240, 320 and 425 km from the
landward end of GUMBO 4 - figures 2-4 and 2-7). These locations represent sections of
continental, transitional and oceanic crust, and they are situated in the areas that contain
the most abundant ray coverage in the sediment and basement. The profiles are digitized
at 1 km intervals to a depth of 25 km (continental crust) or to the crust-mantle boundary
(transitional and oceanic crust). The shear-wave velocities from the vertical profiles are
plotted as a function of P-wave velocities in figures 2-8 and 2-9.

Because of the large number of arrivals, ray coverage in the P-wave velocity
model is extensive, covering nearly the entire section along GUMBO 4 to the Moho (Fig.
2-4). The shear wave velocity model is less encompassing, covering ~50% of the crustal
layer due to the fewer shear wave arrivals in the shot records (Fig. 2-7). Where there is
ray coverage in the shear model, however, crustal velocities are well constrained by the
tomographic inversion, and my lithological interpretation will focus on these regions.
Because there are no shear-waves that turn in the sediments along GUMBO 4, the
interpretation of sediment lithology will be made with the understanding that sediment
velocities are not well constrained compared to crustal velocities.

The velocity results for the crustal layer of GUMBO 4 are plotted in figure 2-8.
The gray line running through the center of the graph is an empirical fit from laboratory
measurements of common lithologies in sediments and continental and oceanic crust
(Brocher, 2005). This fit is compiled from a dataset consisting of wireline borehole logs,
vertical seismic profiles, laboratory measurements, and in situ estimates from seismic
tomography models. I use this fit as a general guideline for a broad interpretation of

lithologies along GUMBO Line 4.
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Ranges for expected lithologies along GUMBO Line 4 are plotted with error bars
in figures 2-8 and 2-9. These ranges were obtained from previous studies that measured
velocities through both crustal rocks and through sediments (Hamilton, 1979;
Christensen, 1996; Bakulin, 2008). Measurements were made by applying a range (200
MPa to 1000 MPa) of hydrostatic confining pressures to rocks in laboratory experiments
(Christensen, 1996 - Fig. 2-8), a range of vertical and horizontal effective stresses (0 —
4000 psi) from wells in GoM sediments (Bakulin, 2008 — Fig. 2-9), and by computing
average in situ velocities in twenty different sea floor locations (Hamilton, 1979).

The far northeastern vertical profile from GUMBO Line 4 (red squares in figures
2-8, 2-9) is taken 150 km from the landward end of the transect, crossing what is
expected to be normal continental crust ~20 km in thickness, overlain by a ~9 km thick
sediment layer. These velocities cluster in a very distinct group (figures 2-8, 2-9) (Vp =
6.0 — 6.7 km/sec; Vs = 3.8 — 4.0 km/sec) toward the upper (high Vs) bounds of the range
of measured velocities of granodiorite and felsic granulite (Christensen, 1996). The
transitional crust (green circles in figures 2-8, 2-9) 240 km from landward end of
GUMBO 4) is consistent with the Brocher (2005) empirical fit and contains slightly
higher P-wave velocities than the continental crust. The two wvertical profiles that
represent oceanic crust (profiles 3 and 4; 320 km and 425 km from the landward end of
GUMBO 4 respectively) exhibit anomalously high P and S wave velocities in the upper
crust (Vp = 6.7 — 7.0 km/sec; Vs = 3.9 — 4.2). Additionally, whereas P-wave velocities in
the lower crust are consistent with typical oceanic gabbros (Vp = 7 — 7.1 km/sec), the
shear velocities are anomalously high (Vs = 4.2 — 4.7 km/sec), effectively lowering the
Vp/Vs ratio (Vp/Vs = 1.4 — 1.75 compared to typical oceanic gabbros with a Vp/Vs ratio
of ~1.8 — 1.9) (Christensen, 1996).
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The sedimentary layer of GUMBO 4 is characterized by higher velocities than the
Brocher (2005) empirical fit. This difference is best shown in profile 1, where the results
cluster in a group immediately to the right, but within the range of known average
velocities of carbonate rocks (Hamilton, 1979; Vetrici, 1993) (Fig. 2-9). Sediment
velocities from all four vertical profiles generally fall to the right of the Brocher (2005)
empirical fit, suggesting a higher Vp/Vs ratio in the sediments. The misfit between
profiles 2 and 3 and the Brocher (2005) empirical fit is significant in comparison to
profiles 1 and 4. Additionally, the carbonate reef exhibits seismic velocities that differ

significantly from clastic sediments (Fig. 2-9).

Discussion

The four vertical profiles examined in the velocity models represent sediments
from the continental shelf and deep water GoM, as well as basement that includes
continental crust from the Florida Platform, transitional crust, and oceanic crust from
deep water GoM. Many of these shear-wave velocities are consistent with expected
lithologies for their locations, while others are unusually high. These abnormal velocities
that are estimated in the upper oceanic crust, along with observations that include margin
geometry and sedimentation, shed new light on the structural evolution of the GoM and
suggest two possibilities as to the nature of rifting and oceanic spreading in the eastern
GoM. 1) The margin along the Florida Platform is volcanic in origin, and the oceanic
crust in deep water GoM is the result of a deep magma source, i.e. a mantle plume which
drove plate tectonics in the mid to late Jurassic. 2) The margin is the result of transform

faulting, coupled with rifting due to far-field stresses as the western GoM opened. These
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far-field stresses then created a void for adiabatic decompression melting to take place

with high temperature basalts ultimately filling the underlying void.

BASEMENT

The basement of the Florida Platform is represented by vertical velocity profile 1
(Fig. 2-8, 150 km). Though the S-wave velocities appear to be on the high end of the
error bounds, both P and S-wave velocities are consistent with normal continental
basement (Christensen, 1996). These velocities are expected as the west Florida Platform
is composed of stranded blocks of crystalline continental crust (Klitgord et al., 1984).

The abnormally high velocities in the upper oceanic crust data suggest two
possibilities: 1) low porosity in the basalt, or 2) mineral composition that is characteristic
of basalt formed at high enough temperatures to incorporate greater concentrations of
magnesium and iron (Eccles et al., 2009). The first possibility would likely be the result
of the oceanic crust being made up of basaltic sheet flows, as opposed to typical upper
oceanic crust composed of vesicular pillow basalts. The second possibility suggests that
the parent magma of this oceanic crust was generated deep within the mantle, and that it

is perhaps the product of active, plume-driven rifting.

GEOMETRY

The geometry of the transition from continental to oceanic crust (figure 2-4) is
similar to that of a volcanic rifted margin. Figure 2-10 shows a schematic of a volcanic
rifted margin based on data from the Gulf of Aden and the Atlantic margins (Menzies et
al., 2002). When this figure is compared to the geometry in my velocity model, it can be
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seen that the distance over which the transitional crust extends in GUMBO 4 is similar, as
is the general geometry of the margin though it is stretched slightly more than in the
schematic covering ~150 km of lateral distance as opposed to ~100 km. The seismic
velocities in the oceanic crust, however, are not completely consistent with a typical
volcanic rifted margin. Though the upper oceanic crust displays anomalously high
velocities, the lower oceanic crust displays velocities that are more typical of passive,
non-volcanic margins. An alternative interpretation of this relatively narrow transition
includes the removal of tensile strength from the margin. Potential mechanisms for this
event include: 1) the presence of a significant strike slip component in the eastern GoM
that has been shown to bisect peninsular Florida to the south of the Suwannee Terrane
(Pindell and Dewey, 1982; Klitgord, 1984; Urban, 2011), or 2) an episode of intrusive
diking that split the continental crust and forced it apart. Both of these events could also
have occurred in succession, with the transform fault providing a weak area of

lithosphere for diking to take place.

RIFTING AND SEA-FLOOR SPREADING

The question of whether rifting allows for plume activity or if plumes initiate
rifting is still a subject of debate (Hooper, 1990; Menzies et al., 2002). It is understood,
however, that the rifting of plate-driven margins is initiated by extensional forces
followed by passive asthenospheric upwelling whereby melt generation is relatively
shallow (Menzies et al., 2002). The inference of magnesium and iron enriched basalts
beneath GUMBO 4 suggests that melt generation for oceanic crust in the eastern GoM

was from a deeper source and the product of potentially high mantle temperatures. High
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P and S-wave velocities are often attributed to plume and breakup-related thick mafic
underplating (Gernigon et al., 2012) as well as subaerial extrusion of basaltic magma
(Menzies et al., 2002; Imbert et al., 2005).

Seaward dipping reflectors (SDRs) have been seismically imaged in the eastern
GoM beneath the Florida Escarpment (Imbert, 2005) and consist of two parallel belts 50
km wide and 150 km long, overlain by the Jurassic age Louann salt (Imbert et al., 2005,
Stern and Dickinson, 2010). The presence of SDR’s is a unique characteristic of volcanic
rifted margins (Menzies et al., 2002). They support the idea of flood basalt formation,
possibly above sea level, which would account for the high Vp and Vs in the shallow
crust. The FUGRO MCS data that coincide with the GUMBO seismic lines do not image
these reflectors well except for one on the landward most end of GUMBO Line 4 (figure
2-11), and a series of three on GUMBO Line 3 (figure 2-12) that are possibly part of the
same band of SDR’s imaged by Imbert (2005).

It is clear that the Gulf of Mexico is the result of continental breakup and short-
lived seafloor spreading. The cause of the initiation of this rift can be explained by mantle
upwelling combined with extensional forces from the initial stages of the breakup of
Pangaea. What can be interpreted from the data in this study is that melt generation for
oceanic crust in the eastern GoM was deep, producing basalt that can be attributed to a
mantle plume as its source. Additionally, the high velocities from the upper oceanic crust
must also be a result of lower porosity. These high velocities are most likely the result of
basaltic sheet flows. It also suggests that the basalt has the potential to have formed
subaerially, and that the eastern GoM may have been exposed during the incipient stages
of rifting.

The Gulf of Mexico has been interpreted to have formed in several different ways.

The most noteworthy of these hypotheses with respect to the data collected in this study
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include those that rely on mantle upwelling as well as extensional forces and basaltic
flooding events as explanations for the onset of seafloor spreading (Imbert, 2005;
Dickinson, 2009; Mickus et al., 2009,). The high velocities in the upper oceanic crust, the
geometry of the margin, the presence of seaward dipping reflectors (Imbert, 2005), and
short-lived sea floor spreading (Stern and Dickinson, 2010) are all indications that what
has been interpreted as a volcanic rifted margin in the western GoM (Dickinson, 2009;
Mickus et al., 2009) may in fact extend eastward to the Florida platform as far as

GUMBO 4.

SEDIMENTATION

The Vp/Vs ratios for sediment on GUMBO 4 display an almost parallel fit with
the observations of Brocher (2005). Figure 2-9 shows that Vp/Vs ratios from the
carbonate platform (Profile 1, 150 km) plot laterally to the right of known carbonate
velocities (Vp = 2.9 — 5.1; Vs = 1.6 — 2.8; Hamilton, 1979; Vetrici, 1993) meaning that
Vp/Vs ratios are higher than average. According to velocity experiments by Aseffa,
(2003) decreasing porosity in sediments causes both Vp and Vs to increase, though Vp
increases twice as fast as Vs. Increasing effective pressure has the same effect on
velocities (Vp increases twice as fast as Vs), particularly for pressures < 2 kb (Todd and
Simmons 1972). The sediments in my analysis appear to have an increased effective
pressure or decreased porosity compared to average sediments.

The carbonate rim along the Florida Platform is both broad and thick, covering
just less than 300 km in lateral distance from the coastline with a thickness ranging from
~5 — 8 km (Fig. 2-4, 2-9 - Profile 1). This observation suggests that since the time that

seawater flooded the eastern GoM, the margin has subsided as a result of cooling at a
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slow enough rate for carbonate organisms to survive throughout this time period and

make up such a thick sedimentary layer.

OPENING THE EASTERN GOM

Throughout the Mesozoic, the formation of flood basalt provinces and episodes of
mantle upwelling occurred frequently (Cox, 1980). These areas and the mantle plumes
associated with them can be directly attributed to rifting and the breakup of Pangaea ~200
ma (Marzoli et al., 1999). The late Triassic - early Jurassic specifically was a period of
widespread magmatism and extensional forces surrounding the study area. In addition,
volcanic margins exist along the entire eastern seaboard of the United States (Marzoli et
al., 1999), and their proximity to the eastern GoM is reason to believe that the forces
responsible for them had similar effects on the eastern GoM. However, this notion is
reached with the understanding that the time between the opening of the central Atlantic
and the eastern GoM is extensive (~50 Ma).

On the other hand, the timing of the east-west separation of the Yucatan block and
the Florida platform (~150 Ma) casts doubt on a connection between Late Triassic mantle
plumes and one that could drive plate kinematics in the late Jurassic. This is not to say
that a mantle plume did not exist in this area ~150 Ma, but plate reconstructions (Fig. 2-
13) suggest that the area initially contained a significant amount of left lateral transform
faulting as the Yucatan block separated from North America. Subsequently, the
reconstructions show that the Yucatan block spread away from the Florida Platform as a
result of far-field stresses and adiabatic decompression melting primarily from the rapid

spreading in the western GoM.
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Are far-field lithospheric stresses responsible for the onset of rifting in the eastern
GoM, or is a deep-seated mantle plume and active volcanic rifting a more likely
explanation? Higher-temperature low-porosity basalts, a narrow transitional crust, and the
presence of seaward dipping reflectors in the eastern Gulf of Mexico imply that it is the
result of active plume-driven rifting in the early Jurassic. However, the kinematic models
of the opening of the GoM show that the Florida Escarpment initially accommodated
strike-slip motion (Fig. 2-13), which is a potential explanation of the narrow transition
zone. SDR’s in the eastern GoM have only been reported on one set of seismic data
(Imbert, 2001, 2005). These SDR’s, while intriguing, are not necessarily the result of a
mantle plume, but they are potentially pre-existing structures that are not indicative of an
active volcanic margin.

I contend based on these lines of evidence that the eastern GoM is the result of
rifting caused primarily by far-field stresses. Extensional forces caused by the rapid
spreading of the western GoM forced the Yucatan Block away from the Florida Platform
to the southwest along pre-existing zones of transform faulting. Following this seemingly
passive rifting, adiabatic decompression melting, or the presence of a remnant mantle
plume rose to fill the void underneath this rift. This high temperature magma resulted in
low-porosity basaltic sheet flows rich in magnesium and iron. Resolution of the question
regarding whether or not this buoyant mantle material could have driven rifting in the
eastern GoM or passively filled a void in the lithosphere is unclear. However, transform
faulting along the Florida Platform is likely (Klitgord et al., 1984) as is the presence of
tensile stress perpendicular to these faults (Fig. 2-13). Therefore, it is not out of the
question that extensional forces and active, plume-driven rifting could have occurred in

conjunction with one another ~150 Ma.
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Conclusions

The sediments that overlie the continental, transitional, and oceanic crust most likely
consist of low-porosity or high-pressure turbidites and mudstones, along with a
carbonate platform landward of the Florida escarpment.

This carbonate platform ranges from ~5-8 km in thickness. This thickness indicates
that the eastern GoM went through a period of subsidence due to cooling rather than
sediment loading.

The seismic velocities in the crust beneath the Florida platform are consistent with
normal felsic crystalline basement.

The high P and S wave velocities along GUMBO line 4 suggest that the eastern Gulf
of Mexico formed from large-scale mantle upwelling that resulted in a flood basalt
event that may have been sub-aerial, forming what would become low-porosity, high-
Mg and Fe oceanic crust.

The geometry of the ocean continent transition on GUMBO Line 4 near the Florida
Escarpment is relatively narrow (~150 km), without a significant lateral section of
crust that has been stretched to a thickness of ~10 km. Short lived rifting, combined
with a significant strike-slip component along the Florida Platform may have
removed any tensile stress in the margin and prevented extreme stretching of the
lithosphere that is seen in typical amagmatic margins.

Because the deep structure along GUMBO Line 4 contains characteristics indicative
of a volcanic rifted margin, i.e. significant mantle upwelling accompanied by flood
basalt events, a narrow zone of transitional crust, and high P and S wave velocities in

the upper oceanic crust, I have concluded that following a period of transform
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faulting along the Florida Platform, the inferred volcanic rifted margin in the western
GoM (Dickinson, 2009; Mickus et al., 2009) partly translates to the east, and is

responsible for the high-temperature basalts found in the eastern GoM.
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Figure 2-1: Study Area

GUMBO study area and locations of OBS deployments. Color coding is done only on
line 4. White circles represent OBS with data recovered. Black circles represent OBS
with no data recovered. Red circles represent OBS with shear wave data recovered.
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Figure 2-3: Shear Wave Arrivals

Horizontal channel for OBS 425 with zoomed in sections of picked Sg and SmS arrivals.
The data have been passed through a Butterworth filter consisting of a low cut of 3 Hz
and a high cut of 15 Hz. The record sections are plotted with a reduction velocity of 4
km/s and an automatic gain control of 0.5 seconds has been applied.
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Florida Escarpment
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Figure 2-4: GUMBO 4 P-wave Velocity Model

P-wave velocity model showing the locations of the sediment layer; continental,
transitional and oceanic crust; the mantle; Florida Escarpment, and locations of profiles
plotted in later figures.
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Figure 2-5: Sg Ray Tracing Diagram, GUMBO 4

Top: Phase 2 shear wave refractions in the basement, GUMBO line 4. Blue lines are
observed Sg arrival times. Red lines are calculated Sg arrival times. Bottom: Red
triangles are the locations of OBSs with picked Sg arrivals. Sg ray paths from source to
receiver through velocity model.
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Figure 2-6: SmS Ray Tracing Diagram, GUMBO 4

Top: Phase -3 Reflections from the Moho, Gumbo line 4. Blue lines are Observed SmS
arrival times. Red lines are calculated SmS arrival times. Bottom: Red triangles are the

locations of OBSs with picked SmS arrivals. SmS ray paths from source to receiver
through velocity model.

27



) 40 £ A A 8 40 45 AR (B 48 o8 & B A8 A AR b 3
©

0

10
20
30
40
0 100 200 300 400 500
Horizontal offset (km)
0.0 0.5 1.0 2.0 25 3.0 3.5 4.0 5.0

S-wave velocity (km/s)

Figure 2-7: Shear wave Velocity Model, GUMBO 4

Final S-wave velocity model for GUMBO line 4. Dotted lines are at distances 150,
240, 320, and 425 km from the landward end of the transect and cover regions of
continental, transitional, and oceanic crust. Highlighted regions are areas constrained
by shear ray coverage.
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Figure 2-8: Crustal Velocities, GUMBO 4

Plots of crustal shear wave velocities as a function of compressional wave velocities
for four vertical profiles (figures 4 and 7) along GUMBO line 4. The curve running
through the center of the graph is an empirical fit for laboratory-observed velocities
in common lithologies (Brocher, 2005). Ranges for observed velocities of specific
rock types for typical continental, and upper and lower oceanic crust are shown in
order to identify any inconsistencies between expected velocities in the GUMBO 4
data and that of previous studies.
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Figure 2-9: Sediment Velocities, GUMBO 4

Plots of sediment shear wave velocities as a function of compressional wave velocities
for four vertical profiles (figures 4 and 7) along GUMBO line 4. The curve running
through the center of the graph is an empirical fit for laboratory-observed velocities in
common lithologies (Brocher, 2005). Ranges for observed velocities of specific rock
types for typical mudstones and limestones are shown in order to identify any
inconsistencies between expected velocities in the GUMBO 4 data and that of previous
studies.
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Figure 2-10: Volcanic Rifted Margin

Schematic of a volcanic rifted margin based on data from Ethiopia-Yemen and the

Atlantic margins. From Menzies, 2002. The geometry of the margin along GUMBO 4 is
very similar to typical volcanic rifted margins.
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Figure 2-11: GUMBO 4 SDRs

Potential SDR on landward most end of GUMBO 4 SDR lies in the continental crust
of the Florida Platform. SDR’s are characteristic features of volcanic rifted margins.
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Figure 2-12: GUMBO 3 SDRs

Seaward dipping reflectors. SDRs lie within continental crust. These SDRs are
potentially part of the same band imaged by Imbert (2005).
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Gulf of Mexico Rifting (190 Ma - 140 Ma)
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Figure 2-13: Gulf of Mexico Rifting 190 Ma to 130 Ma

Plate reconstruction of the GoM from 190 Ma to 140 Ma. This reconstruction shows
sinistral transform faulting in the eastern GoM during early stages of rifting, followed
by the onset of sea floor spreading in the east around 150 Ma. (Figure courtesy of Bud
Davis, UTIG PLATES project, 2012).
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CHAPTER 3: USING FORWARD MODELING TO INVESTIGATE
THE NATURE OF THE MOHO IN THE EASTERN GULF OF
MEXICO

Background

The Mohorovici¢ discontinuity, or Moho, is defined as the outermost boundary of
a differentiated Earth, in which a large increase in seismic velocity takes place (from 6.7
— 7.2 km/s to 7.6 — 8.6 km/s) in both continental and oceanic regimes, indicating major
changes in lithology and metamorphism to include chemistry, petrology, mineralogy,
density, and rheology (Jarchow and Thompson, 1989; Oueity and Clowes, 2010). These
changes represent the transition from mafic or felsic lower crustal material to ultramafic
mantle material (Pallister and Hopson, 1981; Kennett et al., 2011). Characteristics such as
thickness of the transition, velocity gradient, and heterogeneities in the Moho also vary
geographically, and these traits may be dependent upon surrounding tectonics and
geological history (Carbonell et al., 2002).

For the 104 years since its discovery in 1909, the Moho has been studied using a
variety of seismic techniques, as well as with direct observation from ophiolites and
uplifted mantle from continental regimes. The Moho was originally described as a first-
order (zero thickness) discontinuous boundary between the lower crust and the upper
mantle (Mohorovici¢, 1910). This conclusion was reached based on the observation that
there is a depth at which P-wave velocity increases extremely rapidly to 7.6 — 8.6 km/s
(Mohorovici¢, 1910). This sudden increase in seismic velocity suggested major changes
in chemistry, petrology, mineralogy, density and rheology (Jarchow and Thompson,
1989; Oueity and Clowes, 2010). High-resolution images of the Moho have been

acquired using seismic refraction and reflection techniques (e.g. Carbonell et al. 2002),
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and we now know that the physical nature of the Moho is far more complex than a single,
first-order, uniform petrologic and seismic discontinuity. Several studies have shown
that this transition zone is highly variable both laterally and vertically, exhibits
thicknesses up to several kilometers, and contains a wide range of physical and petrologic
characteristics (e.g. Pallister and Hopson, 1981; Jarchow and Thompson 1989; Kennett et
al., 2011). Furthermore, the geologic history of the rock overlying the Moho may
significantly affect the physical nature of this boundary (Carbonell et al., 2002).

Presently, even though high-resolution images of the Moho are available, the
physical attributes of both the oceanic and continental crust-mantle transition are not only
poorly understood as a whole, but also vary geographically. Ophiolites provide the only
means of directly observing the oceanic Moho on the surface. Ophiolites are
characterized by a transition from mafic to ultramafic lithologies over various thicknesses
(Pallister and Hopson, 1981; Jarchow and Thompson, 1989). Less is known about the
continental Moho due to the relative lack of exposure on the surface. The only
observable evidence of continental Moho composition comes from small erupted
xenoliths which seldom show any contact between lithologies (Jarchow and Thompson,
1989) and larger scale, although rarer uplifted exposures of the transition (Jarchow and
Thompson 1989). These outcrops display lithological contacts, as well as the structural
features of the crust-mantle boundary. The continental Moho has been seismically
researched extensively, and has been shown to be more complex than a simple first order
discontinuity, consisting of high and low velocity anastomosing layers and laminations
that are laterally discontinuous (Hale and Thompson, 1982; Mooney and Brocher, 1987;
Oueity and Clowes, 2010).

The tectonic evolution and geologic history of an area can be directly related to

the nature of the crust-mantle transition (Carbonell et al., 2002). Tectonically, the GoM is
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the result of short lived sea floor spreading in the mid to late Jurassic. This seafloor
spreading originated in the western GoM ~165 Ma, forcing the Yucatan block and South
America to pull away from North America, followed by the Yucatan Block rotating as an
independent piece of continental crust counterclockwise ~40 degrees (Pindell and Dewey
1982; Bird, 2005; Mann, 2007; Stern and Dickinson, 2010; Urban et al., 2011; Fig. 2-13).
The spreading center then propagated eastward opening the eastern GoM and separating

the Yucatan Block and the Florida Platform, beginning ~150 Ma.

Methods

The Moho structure is ubiquitous on the scale of the seismic wavelengths (~1 km)
used for deep crustal study in the GUMBO project. Because of this ubiquity, ray tracing
and tomography is an acceptable means of modeling for a large-scale velocity model
such as in chapter 2. For investigating the finer details of subsurface geology, i.e. the
nature of the crust—-mantle transition, however, a method that can show detail on the scale
of a single seismic wavelength, such as finite difference modeling is required. The
purpose of this study is to use a finite difference approximation to the wave equation to
create synthetic seismograms of mantle reflection and refraction arrivals, and to make an
interpretation of the physical characteristics of the Moho in the northeastern GoM. This
interpretation will allow for better understanding of the nature of rifting in the GoM
during the Jurassic.

Previous studies have used several various forward modeling techniques to
investigate the nature of the Moho in a variety of tectonic settings (Carbonell, 2002;
Oueity and Clowes, 2010). These studies have examined different crust-mantle
transitions, including 1) a layered transition, varying the thickness of the transition zone
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and the thickness of the internal layers (Oueity and Clowes, 2010); 2) a heterogeneous
transition, varying thickness and velocity with laterally discontinuous layers or a lamellae
structure (Oueity and Clowes, 2010); 3) a velocity gradient zone, which varies simply the
thickness of the zone and the scale of the gradient (Oueity and Clowes, 2010; Carbonell
et al., 2002); 4) a step discontinuity with topographic relief, varying the thickness and
degree of roughness of the interface (Carbonell et al., 2002). Model 3 is the structure
assumed for the purposes of this study.

I use a finite difference technique to approximate the two-dimensional acoustic
heterogeneous wave equation, which is derived using Euler’s relation and the equation of

continuity (Keiswetter et al., 1995)

Euler’s relation:

6v+1v =0
at p P=

Equation of Continuity:
op

E+pCZVv=O

Where v is the particle velocity, p is the acoustic pressure, p = p(X,z) is the
density, and ¢ = c(x,z) is the velocity of the wave in the media (Keiswetter et al., 1995).
Further explanation of the mathematics used for the finite difference code can be found in
studies by Kelly et al. (1976) and Keiswetter et al. (1995).

I choose to model five representative instruments on GUMBO 3 and three
instruments on GUMBO 4 that sample Moho of continental and transitional crust on each
profile (Fig 3-1). I vary the transition thickness between 0 km (a sharp, first-order

discontinuity) and 6 km in steps of 500 m to get a best fit PmP (compressional Moho
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reflections) and Pn (compressional mantle refractions). This thickness represents the
vertical distance between the velocities estimated at the lowest point of the basement and
the uppermost point of the mantle in the velocity model. The Moho velocity gradient is
then a function of the difference in those two velocities divided by the thickness put in to
the synthetic model. Once the best fit between the synthetics and the original is achieved,
I vary the velocity gradient in the mantle from -0.001 km/sec/km to 0.004 km/sec/km in
steps of 0.001 km/s/km for one instrument on each profile to determine the effect of

mantle gradient on the Pn arrival.

Results

The onset of the PmP arrivals varies among instruments but is usually seen
between 60 km and 70 km offset in GUMBO 3 data. GUMBO 4 data is more variable,
with PmP onsets seen anywhere from 30 km to 90 km offset. PmP arrival times are
consistently between 6 and 7 seconds in both GUMBO 3 and 4 (with a reduction velocity
of 7) (Figs. 3-2 and 3-3).

Figures 3-2 and 3-3 show representative receiver gathers from each line with clear
PmP and Pn arrivals. When the Moho thickness is increased, the PmP amplitudes in both
of these instruments are attenuated beginning at near offsets. The amplitudes of the Pn
arrival at far offsets in OBS 316 (Fig. 3-4) are also attenuated with increasing Moho
thickness while near offsets are strengthened. Conversely, the amplitudes of the Pn
arrival in OBS 404 (Fig. 3-5) are intensified with increasing thickness along the entire Pn
arrival. This result is consistent between instruments in the same lines. Any PmP or Pn
arrivals that appear in the data from OBSs 302, 305, 309, and 316 all attenuate with
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increasing Moho thickness. Likewise, all PmP arrival amplitudes from OBSs 404, 410,
and 426 attenuate while Pn arrival amplitudes strengthen with increasing Moho thickness.
Discrepancies among Pn arrivals are possibly the result of lateral heterogeneities within
the mantle. PmP is therefore used as the primary means of interpreting Moho thickness
beneath lines 3 and 4.

Mantle velocity gradient variability has far less of an effect on amplitudes. The
mantle gradient for OBS 316 and OBS 404 is varied between -0.001 km/s/km and 0.004
km/s/km in increments of 0.001 km/s/km. Figure 3-5 shows the two extremes (-0.001 and
0.004 km/s/km) of this variation for OBS 316, and while the Pn arrival is affected very
slightly, this difference is less than observed for models with different Moho thicknesses.

Table (3-1) gives the approximate thicknesses of the Moho for each instrument. It
also lists the type of crust and the distances from the landward end of each line for Moho
that is covered by ray paths in the velocity model. The P-wave velocity models for lines
3 and 4 (Fig. 3-7) show the lateral sections of Moho that are analyzed in this study.
Additionally, the raypath diagrams for the representative instruments (Fig. 3-8, 3-9) show
how raypaths cover these sections of Moho. The instruments from GUMBO Line 3
consistently suggest that the Moho along these sections is between 1500 meters to 2000
meters in thickness beneath continental and transitional crust. GUMBO Line 4 OBS data
indicates a thicker Moho on the landward or northeast end of the transect (~3500 meters),
which thins significantly (to ~1500 meters) as the overlying basement transitions from

continental to oceanic crust.
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Discussion

The results of this study show that Moho thickness variation has a distinct effect
on both PmP and Pn arrival amplitudes. Changes in the mantle gradient affect Pn arrival
amplitudes to a much lesser extent than changes in boundary thickness. Ray theory and
Fermat’s principal suggest that Pn rays would be concentrated with an increasing mantle
gradient (Cerveny, 2001), and the rays would affect the synthetic seismograms more
drastically by increasing Pn amplitudes. The synthetic models clearly show that this is
not the case, as increasing the mantle gradient has little effect on Pn (Fig. 3-6). In
contrast, distance for the onset of the PmP arrival, along with Pn amplitudes vary

significantly with changes in Moho thickness in the synthetic models (Figs. 3-2, 3-3).

GUMBO LINE 3

The thin Moho beneath GUMBO Line 3 relative to line 4 is potentially a result of
magmatic underplating from plume driven rifting that affected the transitional and
continental crust beneath the transect. Due to the comparably low densities of crustal
rocks, basaltic magma that is sourced from under continental regimes is often trapped at
or near the Moho (Cox, 1993). This underplating would likely sharpen the contrast in
composition between the crust and mantle, yielding the distinct 1500 to 2000 meter

thicknesses shown by these synthetic models.

GUMBO LINE 4

The northeasternmost instrument in GUMBO Line 4 (OBS 404) provides data

from the Moho underlying the continental basement of the Florida Platform. The
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synthetic seismograms show that the thickness of the transition between continental crust
and mantle is ~3500 meters (Fig 3-3). A complex and thick Moho is common beneath
old continental crust, and the Moho underlying the Florida Platform is comparable to the
determined thickness of the 1.8 Ga transition zone (~3.3 km) beneath the Great Bear
magmatic arc in northwestern Canada (Oueity and Clowes, 2010). The 3500 meter
transition from crustal to mantle rocks suggests that the area was subject to long term
tectonic processes that were capable of mixing mantle rock with the overlying crust.
Quick et al., (1995) argue that this type of mixing can occur at subduction zones, where
peridotites may mix with meta-sedimentary rock in the accretionary prism, creating a
lamellae structure similar to that seen in sections of northwest Canada (Oueity and
Clowes, 2010). Therefore, it can be inferred that the crust-mantle transition zone beneath
this section of the Florida Platform was not affected by early Jurassic plutonism, and is as
old as the Suwannee Terrane (~552 Ma) (Heatherington and Mueller, 2003). This result
is consistent with the inference of a strike-slip component being responsible for the
geometry of the margin discussed in Chapter 2.

OBS 426 is the furthest seaward instrument used for this study. It contains PmP
arrivals from ray paths that travel both seaward and landward, and a Pn arrival from ray
paths that travel landward in the velocity model. The results from applying Moho
thickness variation to this instrument show that the Moho thins as the overlying basement
transitions into oceanic crust (Table 3-1). This thinning is the expected result for a
transition from normal continental crust to oceanic crust as the formation of younger
oceanic crust from basaltic magma sharpens the boundary between mafic and ultramafic

material.
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NATURE OF RIFTING IN THE GOM

Chapters 1 and 2 discuss the potential mechanisms and forces responsible for
rifting the eastern GoM. Velocity models, Vp/Vs ratios from that data, and conclusions
of previous studies (Salvador, 1987; Mickus, 2009; Stern and Dickinson, 2010) show that
the eastern GoM initially underwent a significant amount of strike-slip partitioning as the
Yucatan Block separated from North America. This margin presumably then underwent
sea floor spreading as a result of both far-field stresses and high-temperature basalt
emplacement as the Yucatan Block separated from the Florida Escarpment perpendicular
to the transform boundary.

Assuming this interpretation for the nature of rifting in the eastern GoM is correct,
it is likely then from the results of this forward modeling that far-field stresses are clearly
responsible for the initial separation of the Yucatan Block from the Florida Platform.
The thick, complex transition boundary between crust and mantle to the northeast of
GUMBO 4 suggests the absence of active, plume driven rifting beneath the Platform, and
that the onset of far-field stresses and extensional forces allowed for a void to be filled by
high-temperature basaltic magma farther to the southwest, creating the basaltic sheet
flows and high velocity upper oceanic crust in the deep water GoM. This evidence
supports the findings of previous studies, to include the PLATES reconstruction in Figure

2-13.
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Conclusions

Moho thickness below the landward end of GUMBO Line 3 is consistently between
1500 and 2000 meters.

The thickness beneath GUMBO line 4 is more variable, but covers a wider range of
crustal material types. The Moho ranges from ~3500 meters on the landward end of
the line to ~1750 meters on the seaward end.

The consistent thickness of the relatively narrow Moho beneath GUMBO 3 is
indicative of magmatic underplating that produced a sharp transition between crustal
and mantle rocks.

The thicker Moho on the landward end of GUMBO 4 suggests the absence of
magmatic underplating beneath the Florida Platform. This region was most likely not
affected by plutonism, and it might be as old as granites and volcanics from the
Suwannee Terrane (~552 Ma).

The thinning of the Moho as the basement transitions into oceanic crust under

GUMBO line 4 is the expected result for this type of margin.
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Instrument Moho Thickness Model Distance
(overlying crust)

OBS 302 1500 m 60-75 km
(continental)

OBS 305 1750 m 90-220km
(transitional)

OBS 309 1500 m 50-70km
(continental)

OBS 316 1500 m 65 - 150 km
(continental/transitional)

OBS 319 1750 m 135-180 km
(transitional)

OBS 404 3500 m 65 - 160 km
(continental/transitional)

OBS 410 2750 m 150 -275 km
(transitional/oceanic)

OBS 426 (Landward) 2000 m 180 - 275 km
(transitional/oceanic)
OBS 426 (Seaward) 1750 m 310-335km
(oceanic)

Table 3-1: Moho Thicknesses

Determined Moho thicknesses for each instrument selected for GUMBO lines 3 and 4
along with overlying crustal types.
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Figure 3-1: Study Area, Forward Modeling

Study area for investigation of the nature of the Moho. Blue circles represent
locations of OBSs used for synthetic modeling.
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Figure 3-2: OBS 316 Synthetic Models

OBS 316 original receiver gather (top) with Pn and PmP arrivals labeled. Synthetic
models show the difference in amplitudes for a 0 to 2500 meter thick transition zone.
Blue arrow shows the location of the onset of the PmP arrival in the original (6 seconds,
60 km offset) and in the 1500 meter thickness synthetic model. The data have been
passed through a Butterworth filter with a low cut of 3 Hz and a high cut of 15 Hz.
Record sections are plotted with a reduction velocity of 7 km/s. Amplitudes have been
range scaled by a factor of R, where R is the distance of the shot from the receiver.
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Figure 3-3: OBS 404 Synthetic Models

OBS 404 original receiver gather with Pn and PmP arrivals labeled. Synthetic models
show the difference in PmP and Pn amplitudes with variations from a 0 to 5000 meter
thick transition zone. Blue arrow marks the onset of the PmP arrival (6 seconds ~80
km offset) in original and at synthetic 3500 meter thickness. The data have been
passed through a Butterworth filter with a low cut of 3 Hz and a high cut of 15 Hz.
Record sections are plotted with a reduction velocity of 7 km/s. Amplitudes have been
range scaled by a factor of R'*, where R is the distance from the shot from the

receiver.
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Detail of the Pn arrival for OBS 316. Synthetic models indicate a Moho 0, 3000, and
6000 meters in thickness. Pn amplitudes decrease at near offsets and increase at far
offsets with increasing crust-mantle transition zone thickness.
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Figure 3-5: OBS 404 Pn Arrivals

Detail of the Pn arrival for OBS 404. Synthetic models indicate a Moho 0, 2500, and
5000 meters in thickness. Pn amplitudes increase with increasing crust-mantle

transition zone thickness.
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Figure 3-6: OBS 316 Effects of Mantle Gradient Variation

Effects of mantle gradient variance on Pn amplitudes. The two extremes tested,
(-0.001 and 0.004) display a negligible difference in the appearance of the Pn arrival.
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Figure 3-7: GUMBO 3 and 4 P-wave Velocity Models

P-wave velocity models for GUMBO lines 3 and 4. Red arrow indicates the lateral
area covered by synthetic modeling of the Moho. White lines are boundaries between
the sediment and crustal layers and between the crust and upper mantle layers.
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Figure 3-8: OBS 316 Ray Tracing Diagram

Ray tracing diagram for OBS 316. Pn and PmP arrivals are labeled. This instrument and
the ray paths associated with it cover a section of Moho overlain by continental and
transitional crust
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Figure 3-9: OBS 404 Ray Tracing Diagram

Ray tracing diagram for OBS 404. Pn and PmP arrivals are labeled. This instrument
and the ray paths associated with it cover a section of Moho overlain by continental
and transitional crust
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Appendix A

The following figures display the receiver gathers for the ten remaining Ocean
Bottom Seismometers used to pick shear wave arrivals from GUMBO line 4. Sg arrivals
(shear-wave crustal refractions) are shown as red lines, and SmS arrivals (shear-wave
Moho reflections) are shown as blue lines in both the zoomed in and zoomed out views of

the receiver gather.

55



D|sta nce (km)
200 150 100 -100 -150 -200

13
12
1),
1(255

Time - X/4.0 (s)

Distance (km)
170 160 150 140 130 120 1 10 100 90 80 70 60

:.' ‘ N

10 :; W,
=
N
>
g W X
— 8 i Wnﬁ‘l e
e mf ,
e '-"‘" ’.? "Jf“_ 'wm?g;#:l/é?ﬁfw\
"3:» M’“f/' «f""f#:v:,:/’m/’v 7
7

r

Figure A-1: OBS 407 shear-wave arrivals
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Figure A-3: OBS 419 shear-wave arrival
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Appendix B

The following figures display a range of synthetic receiver gathers for the
remaining six Ocean Bottom Seismometers used to investigate the nature of the Moho
beneath GUMBO Lines 3 and 4. Six different thicknesses are shown for each instrument.
Table 3-1 shows the determined thicknesses for each instrument. The distance from the
receiver and the amplitudes for the onset of PmP arrivals (compressional-wave) are what

are used to determine the thickness of the crust-mantle transition.
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Figure B-2: OBS 305 Synthetic Models

Synthetic models from 0 to 2500 meter crust-mantle transition thickness
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Figure B-4: OBS 319 Synthetic Models

Synthetic models from 0 to 2500 meter crust-mantle transition thickness
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Figure B-5: OBS 410 Synthetic Models

Synthetic models from 2000 to 4500 meter crust-mantle transition thickness

71



Distance (km), Scale: XA0
200 180 160 140 120 100 80 60 40 0

= e

S P

8
- 7
o
= 6
<
o 5
S
Foa
3
2
Distance (km), Scale: XA0 OBS 426 Left Distance (km), Scale: X0
200 180 160 140 120 100 80 60 40 20 0 200 180 160 140 120 100 80 60 40 20 0
= e N — e e

Time - X/7.0(s)
Time -X/7.0(s)

1500 meters 3000 meters

160 140_120 100 80 60 20

e e 5
e R N

: :
= i
g £
= =
200 180 160 140 120 100 80 60 40 20 O
o =
5 N
=2 =
u v
£ E
= =
2500 meters 4000 meters

Figure B-6: OBS 426 (left offset) Synthetic Models

Synthetic models for 1500 to 4000 meter crust-mantle transition
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Synthetic models for 1500 to 4000 meter crust-mantle transition
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