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ABSTRACT

The Gulf of Mexico basin (GOM) is one of the most prolific, hydrocarbon-producing
basins in the world. However, our understanding of the Triassic-Jurassic rift history and crustal
structure of the GOM is limited. This dissertation integrates free-air gravity data, full-tensor
gravity gradient data, 104,000 line-kilometers of 2D reflection data, and refraction data and deep
wells over 4.2 million km?to improve our understanding of the GOM rift history.

Chapter 1 summarizes the development of this study. In Chapter 2, 2D gravity models
are used to constrain two zones of southward-dipping reflectors associated with 7-10 km, dense
and magnetic material. The marginal rift width varies from 28 km to 42 km in both models and
was formed during a tectonic transition from late Triassic-early Jurassic, northwest-to-southeast
rifting to late Jurassic north-south rifting. In Chapter 3, | test two GOM opening models by
integrating reflection data, refraction data, gravity data, and well data from the greater GOM area.
Inversion of gravity data for crustal thickness used constraints from 178 refraction stations to
produce a regional map of crustal domains. The best full-fit restoration was achieved using the
two-phase model that consists of a first phase of Triassic-early Jurassic, northwest-southeast
continental rifting followed by a second phase of late Jurassic north-south rifting and oceanic crust
formation.

In Chapter 4, | use 12 2D seismic profiles from the northeastern GOM and northern
Yucatan to map the 1056-km-long marginal rift system that is adjacent to the late Jurassic oceanic
crust of the central GOM. Analysis of the seismic, gravity, and magnetic data shows the crust
underlying the marginal rift is thinned continental crust formed by necking of the continental crust.

2D gravity models show that the marginal rift sedimentary fill consists of volcaniclastic and
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sedimentary rocks. In Chapter 5, full tensor gravity gradient was used to model the base of salt
and geometry of the salt canopy in the north-central US GOM. The components Txz and Tyz were

used to interpret the edges of the salt canopy.
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CHAPTER 1: INTRODUCTION TO THIS DISSERTATION

1.1 History and development of this dissertation

I was born and raised in Xianyang, China, a city of 1.7 million people that is located in the
central Shaanxi Province of western China. Xianyang was once the historical capital of the Qin
dynasty (221-206 BC) that was the first dynasty of Imperial China. The city is best known for the
Terracotta Army, a collection of thousands of terracotta sculptures depicting the armies of the
Chinese emperor that were part of his much larger necropolis that has now been excavated by

archeologists.

BS and MS study at the University of Nebraska (2014-2018)

| took geology courses at the University of Nebraska in geology starting in August 2014
and attended departmental field camp in Shell, Wyoming for the first six weeks of the summer of
2015. During the latter part of the summer of 2015, | was an intern with the CNPC Great Wall
Drilling Company in Beijing, China, where |1 worked on a well database from the Melut Basin, in
South Sudan, Central Africa. 1 completed my bachelor of science degree in geology at the
University of Nebraska and graduated in December 2016.

| was mentored as an undergraduate student and encouraged to continue as an MS student
in geology and geophysics by Dr. Irina Filina, who had left the oil industry in Houston, Texas, and
arrived at the University of Nebraska as an assistant professor in 2016, where she had taught my
undergraduate geophysics class in fall 2016. | began the MS program in geology in January 2017

and was supported as a research assistant under a grant from Dr. Filina from January 2017 to



January 2018 and as a graduate teaching assistant from the geology department for the physical
geology course from January 2018 to May 2018. | worked in the research group of Dr. Filina and
my MS project that was entitled “Integrated Geophysical Analysis in the northeastern Gulf of
Mexico." For this study, | used gravity modeling and seismic reflection data to better understand
the crustal structure of the northern US Gulf of Mexico, which was the main research focus of Dr.
Filina’s research group of graduate and undergraduate students.

At the University of Nebraska, | presented the results of MS research at five conferences
as summarized in Table 1. I am including these here to show how the MS research under Dr. Filina
formed the foundation for my Ph.D. study at the University of Houston. | received a student travel
grant from GSA to attend the GSA Annual meeting in 2017 and | received a Best Earth Science
presentation award from the Nebraska Geological Society in 2017.

Table 1. Presentations from MS research supervised by Dr. Irina Filina at the University of
Nebraska:

Event Title of presentation Date/Award

University of Nebraska Potential fields modeling in the | April 5, 2017

Research Fair northeastern Gulf of Mexico

Nebraska Academy of Sciences | Integrated geophysical studies | April 21, 2017
in the northeastern Gulf of Award for Best Earth Science
Mexico presentation

GSA Annual Meeting (Seattle, | Delineation of crustal domains | October 23, 2017

Washington) in the northeastern Gulf of GSA student travel award

Mexico from integrated
geophysical analysis

AGU Annual Meeting (New Variations of oceanic crust in December 12, 2017
Orleans, Louisiana) the northeastern Gulf of
Mexico from integrated
geophysical analysis

AAPG ACE Annual Meeting Potential fields modeling in the | May 21, 2018
(Salt Lake City, Utah) northeastern Gulf of Mexico

Through the encouragement of Dr. Filina and other faculty members at the University of

Nebraska, | decided to apply for Ph.D. programs to continue my education in geosciences and my
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research on the Gulf of Mexico tectonic history. In February of 2018, | visited Dr. Paul Mann and
the CBTH project at the University of Houston and was accepted into the Ph.D. program in August

2018.

Ph.D. study at the University of Houston (2018-2021)

During the fall of 2018, | started on a manuscript (Chapter 2 of this dissertation) that
combined gravity modeling results from my University of Nebraska master's thesis on the
northeastern Gulf of Mexico with deep-penetration seismic reflection data that I was able to access
through a data-sharing agreement between Spectrum (now TGS) in Houston, Texas, and Dr. Mann
and the CBTH project at the University of Houston. | thank Mike Saunders from Spectrum (now
at TGS) for his support in accessing these and other important seismic reflection data used in this
dissertation. This paper was submitted to the journal Interpretation in December 2018, was revised
in the fall of 2019, and published in November 2019. The journal reviewers for Interpretation
included Drs. Erin Beutel (College of Charleston, South Carolina), Randy Keller (University of
Oklahoma), and Cian O’Reilly (TGS, Houston).

During the summer and fall of 2019, | worked at the offices of Spectrum in Houston, Texas,
to compile other seismic reflection lines for the chapters of this dissertation on the crustal thickness
map and reconstruction of the entire GOM (Chapter 3) and the GOM marginal rift system on both
the Florida and Yucatan conjugate margins (Chapter 4). These chapters made use of the following
Spectrum (now TGS) seismic reflection datasets: Deep East survey acquired in 2007, regional
Mexico 2D survey acquired in 2015, and Yucatan regional seismic reflection dataset acquired in
(2015). 1 also integrate some results from the Dynamic deep-penetration SuperCache seismic data

set that was acquired in 2011-2012 and provided to me in the February of 2021 through a data-
3



sharing agreement between Dynamic in Houston, Texas, and Dr. Mann and the CBTH project at
the University of Houston. | thank Dr. Peter Nuttall of Dynamic for his assistance with the
SuperCache data.

The work of previous UH and CBTH students benefitted and helped focus Chapters 3 and
4 of this dissertation. My crustal thickness study in Chapter 3 grew out of the previous research
by former UH BS and MS student Luan Nguyen that included GOM basin-wide gravity and
magnetic mapping (Nguyen and Mann, 2015) and a previous Ph.D. dissertation by Pin Lin that
included gravity mapping and modeling of the eastern GOM (Lin, Ph.D., 2018).

In November of 2018, | presented at the Sheriff conference and met Scott Paton of Bell
Geospace, who kindly offered the use of their full-tensor gravity (FTG) gradient data from the
north-central GOM that I used in Chapter 5 of this dissertation. | greatly appreciate the efforts of
Scott Paton and his colleague at Bell Geospace, Dr. Alan Morgan, for their efforts in making this
cutting-edge, FTG gravity data set available for my research at the University of Houston. | also
greatly appreciate the supervision of Dr. Dale Bird on this chapter, which has been submitted for
publication in June 2021 to the Journal of Applied Geophysics.

In 2019 and 2020, | continued to collaborate with Dr. Filina and Dr. Erin Beutel and co-
authored a paper published in the journal Tectonophysics in 2019 that is entitled: Evidence of ridge
propagation in the eastern Gulf of Mexico from integrated analysis of potential fields and seismic
data. As | was a second author and many of these results were based on work at the University of
Nebraska, | did not include this work as part of this dissertation.

In April-June, 2019, | volunteered to participate in a 40-day marine geophysical cruise on
the RV Marcus Langseth that was led by Drs. Donna Shillington (Northern Arizona University),

Dr. Robert Dunn (the University of Hawaii at Manoa), and Dr. Tony Watts (Oxford University).
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The cruise left from Honolulu, Hawaii, on April 21, 2019, and surveyed the Emperor seamount
chain in the central Pacific Ocean, and returned to Kodiak, Alaska, on June 3, 2019. During the
cruise, | processed multi-channel seismic reflection data and swath bathymetry data, assisted in
recoveries of ocean bottom seismometers and XBTSs, and stood scientific watches in the lab area.
| greatly appreciate the mentorship of Drs. Shillington, Dunn, and Watts and for providing me the
opportunity to participate in the cruise and improve my understanding of the acquisition and
processing of marine geophysical data.

During the three-year period of this dissertation, | have made 27 presentations on my GOM
research that included four national and six international conferences along with 17 in-person or
online visits to the offices of the company sponsors of the CBTH consortium. Constructive
feedback gained from these meetings was instrumental in the improvement of the quality of my
research. | greatly appreciate the financial support from Dr. Mann and the CBTH project that
covered my registration and travel costs for attending these meetings. I also thank Jon Blickwede
(Meeting co-convenor) and AAPG for providing my registration and travel cost to attend the
AAPG Hedburg Conference on the GOM in Mexico City in February 2020. The presentations

and meetings attended in relation to the Ph.D. study are summarized below:

Event Title of presentation Date/Award
AAPG Student Expo, | New regional gravity | September 13, 2018
Houston, TX constraints on two phases of

Late Jurassic oceanic
spreading in the eastern Gulf of

Mexico
CBTH Year-End Meeting, | New potential fields | September 21, 2018
University of Houston constraints on ridge

reorganization of late Jurassic
oceanic spreading in the
eastern Gulf of Mexico




HGS Sheriff Lecture, Houston,
TX

New potential fields
constraints on ridge
reorganization of late Jurassic
oceanic spreading in the

eastern Gulf of Mexico

November 12, 2018

American Geophysical Union
Fall Meeting (San Francisco,
CA)

Two extinct spreading centers
in the eastern Gulf of Mexico
from integrated geophysical
analysis

December 8, 2018

CBTH Mid-Year Meeting,
University of Houston

Oceanic crustal architecture in
the western Gulf of Mexico

March 22, 2019

Visit by CBTH to Chevron
office, Houston, TX

New constraints on crustal
structure of the Gulf  of
Mexico

April 9, 2019

AAPG Student Expo,
Houston, TX

Crustal structure of Mesozoic
rifting in the northeastern Gulf
of Mexico from integration of
seismic and potential fields
data

September 5, 2019

CBTH Year-End Meeting,
University of Houston

Oceanic crustal architecture
and its marginal rifts from
integration of marine seismic
reflection, refraction, and
gravity data

September 27, 2019

Gulf Coast Association of
Geological Societies
conference  (how  called
GeoGulf), Houston, TX

Crustal structure of oceanic
crust in the western Gulf of
Mexico from integration of
marine seismic reflection,

refraction, and gravity data

October 24, 2019

Awarded Second Place Poster
award
https://www.uh.edu/nsm/earth-
atmospheric/news-
events/stories/2019/1122-poster-
award.php

CBTH visit to
Houston, TX (online)

Kosmos,

Crustal architecture of Gulf of
Mexico, Late Jurassic, oceanic
crust and significance of the
marginal rift system during
Gulf of Mexico opening

November 7, 2019

HGS Sheriff Lecture, Houston,
TX

Crustal architecture of Gulf of
Mexico, Late Jurassic, oceanic
crust and significance of the
marginal rift system during
Gulf of Mexico opening

November 11, 2019

American Geophysical Union
Fall Meeting (San Francisco,
CA)

Geophysical framework of the
extinct  Jurassic  spreading
center in the Gulf of Mexico:
an integration of marine
seismic reflection, refraction,
and gravity data

December 7, 2019

AAPG Hedburg Conference:
Geology and Hydrocarbon

Marginal rift system along late
Jurassic, conjugate margins of

February 4, 2020
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Potential of the Circum Gulf of
Mexico  Pre-salt  Section,
Mexico City, Mexico

the Gulf of Mexico: rift
continuity, age, and tectonic
significance

Visits by CBTH to Oxy,
Houston, TX (online)

Crustal architecture of Gulf of
Mexico, Late Jurassic, oceanic
crust and significance of the
Marginal Rift System during
Gulf of Mexico opening

March 19, 2020

Visits by CBTH to Exxon,
Houston, TX (online)

Crustal architecture of Gulf of
Mexico, Late Jurassic, oceanic
crust and significance of the
Marginal Rift System during
Gulf of Mexico opening

March 20, 2020

Visits by CBTH to Total,
Houston, TX (online)

Crustal architecture of Gulf of
Mexico, Late Jurassic, oceanic
crust and significance of the
Marginal Rift System during
Gulf of Mexico opening

April 9, 2020

Visits by CBTH to Shell,
Houston, TX (online)

Crustal architecture of Gulf of
Mexico, Late Jurassic, oceanic
crust and significance of the
Marginal Rift System during
Gulf of Mexico opening

April 29, 2020

Visits by CBTH to Hess,
Houston, TX (online)

Crustal structure of the greater
Gulf of Mexico area

and its relation to the two-
phase basin opening model

May 21, 2020

Visits  to  BellGeospace,
Houston, TX (online)

Crustal thickness mapping and
salt modeling of the Gulf of
Mexico

July 30, 2020

AAPG Southeast Caribbean
Virtual Conference (online)

Using regional gravity model
to define the crustal setting of
recent, giant oil discoveries in
Guyana and Suriname

September 17, 2020

CBTH Year-End Meeting,
University of Houston

Crustal structure of the greater
Gulf of Mexico area and its
relation to the two phase basin
opening model

September 25, 2020

AAPG ACE Annual Meeting
(online)

Regional extent and tectonic
origin of the Mesozoic
marginal rift system of the
deep water Gulf of Mexico
basin

September 29, 2020

Visits to Seequent (North
America and UK group)
(Invited talk - online)

Crustal thickness mapping and
salt modeling of the Gulf of
Mexico

October 6, 2020

HGS Sheriff Student Poster
Presentations (online)

Regional extent and tectonic
origin of the Mesozoic

November 9, 2020
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marginal rift system of the
deep water Gulf of Mexico
basin

American Geophysical Union
Fall Meeting (online)

Distribution and thickness of
crustal types of the greater
Gulf of Mexico region based
on constrained 3D gravity
inversion

December 15, 2020

Baton Rouge Geological
Society (Invited - online)

Crustal thickness of the greater
Gulf of Mexico region based
on constrained 3D gravity
inversion and its implication
on the tectonic history

January 8, 2021

UH Student Research Day,
University of Houston
(online)

Crustal thickness variations of
the greater Gulf of Mexico
region from integrated

April 30, 2021

geological and geophysical
analysis

1.2 Rationale, topics, and organization of this dissertation

The purpose of this dissertation is to improve understanding of how regional tectonic
events have controlled or influenced the Mesozoic structure of rifted continental crust of the Gulf
of Mexico. This dissertation includes three chapters focused on the crustal structure of the Gulf of
Mexico and one chapter focused on salt mapping using full tensor gravity gradient data.

The four chapters of this dissertation addresses these topics:

Chapter 2 delineates the crustal structure in the northeastern Gulf of Mexico using
potential fields models integrated with deep-penetration seismic reflection data. Chapter 2 has
been published as Liu, M., Filina, 1., and Mann, P., 2019, Crustal structure of Mesozoic rifting in
the northeastern Gulf of Mexico from integration of seismic and potential fields data.
Interpretation, vol. 7, No. 4, 857-867.

Chapter 3 uses an integration of subsurface mapping from seismic reflection data and

integration with gravity models to understand the tectonic origin of the Mesozoic marginal rift



system that is present along the conjugate margins of Florida and Yucatan. Chapter 3 is in
preparation for the journal Tectonophysics.

Chapter 4 uses 3D gravity inversion to make a regional map of the variations in  crustal
types and thicknesses of the Greater Gulf of Mexico region in the context of its Mesozoic tectonic
framework. Chapter 4 is in preparation for the journal Marine and Petroleum Geology.

Chapter 5 used full tensor gravity gradient data from the north-central Gulf of Mexico to
map the edges of remobilized Mesozoic. Chapter 5 was submitted on June 7, 2021 to the Journal

of Applied Geophysics.

1.2.1 Summary of Chapter 2

Chapter 2 investigates the crustal structure of a 400-km-wide zone of thinned continental
crust in the northeastern Gulf of Mexico (GOM) using gravity and magnetic modeling along two
deep-penetration seismic transects. Using this approach, two zones of prominent, southward-
dipping reflectors are inferred to be a 7-10 km thick layer of dense and highly magnetic, igneous
rock. Previous workers have interpreted the zones as either coarse clastic redbeds of Mesozoic age
that are tilted within half-grabens or seaward-dipping reflectors of magmatic origin. 1 support the
latter interpretation based on the information I present in this chapter.

Two seismic reflection lines reveal a 10-km-thick and 67-km-wide northern zone of high
density that corresponds to the Apalachicola rift (AR) near the coastline of the Florida panhandle
coastline of the GOM. The southern zone of high density occurs 70 km to the south in the deep-
water central GOM along the northern flank of the marginal rift, a 48-km-wide, southeast trending

structure of inferred Late Jurassic age that is filled by 3 km of low-density and low-magnetic



susceptibility sediments including complexly deformed salt deposits. | propose that these two
subparallel rifts and their associated magmatic belts formed in the following sequence: (1) AR
formed during Triassic-early Jurassic (210-163 Ma) phase 1 of diffuse continental stretching and
was partially infilled on its northern edge by southward-dipping volcanic flows; and (2) the
similarly southward-dipping southern magmatic zone formed adjacent to the marginal rift during
the early phase 2 of late Jurassic (161-153 Ma) rifting of the GOM continental extension; this
southern area of SDR formation preceded the formation of the adjacent oceanic crust that separated
the rift-related evaporite deposits of the northern and southern GOM. This integrated approach
combining 2D seismic, gravity, and magnetic data sets results in an improved delineation of these

deep crustal features.
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1.2.2 Summary of Chapter 3

Mesozoic continental rifting and oceanic spreading between North America and Yucatan
block has formed the present-day Gulf of Mexico (GOM) basin. Despite several decades of
research, the timing and directions of GOM basin opening remain elusive. For Chapter 3, |
integrated three 2D seismic reflection grids that cover an area of 745,000 km?, 178 seismic
refraction data, and 45 wells in a 3D gravity model and derived crustal thickness for the GOM and
its peripheral regions. Four crustal domains were delineated according to the crustal thickness that
varies from 6-51 km. | restored rifted conjugate margins to its pre-rift locations and performed
full-fit reconstruction using the restored continent-ocean boundary locations near a pole located in
Africa. Two different motions of the Yucatan block were tested: 1) the Yucatan block continues
being rotated clockwise and to the northeast until ~200 Ma and prior to the formation of oceanic
crust at 160 Ma; 2) the Yucatan block translates to the northwest prior to the formation of oceanic
crust at 160Ma.

My result supports the latter interpretation by showing that the northwestward
translation of the Yucatan block at ~200 Ma produces less overlap (49 km?) with the continental
area of the northern South American plate. My result supports the presence of the magmatic
underplating in the northeastern GOM as underplating reduced the overall misfit between the

restored continent-ocean boundaries by 39 km.

1.2.3 Summary of Chapter 4
The deep-water area of the central Gulf of Mexico (GOM) remains less understood than
the shallow-water margins of the GOM because the deep-water area has far fewer wells and

seismic reflection surveys than the shallow-water margins. My study uses 12 2D pre-stack, depth
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migrated (PSDM) seismic profiles from the conjugate margins of the northeastern GOM and
northern Yucatan margin to interpret the GOM marginal rift system, a continuous, 378-km-long
rift that bounds both conjugate margins of the late Jurassic, oceanic crust of the deep central GOM.

2D gravity models were built alone two regional profiles in the northern Yucatan margin.
The modeled density of 2.6 g/cc reflects the marginal rift fill consists of volcaniclastic rocks and
is consistent with the density for this unit obtained by gravity modeling in Chapter 2. Analysis of
seismic, gravity, and magnetic data shows that the crust underlying the marginal rift is thinned
continental crust, and that tectonic origin of the circum-GOM marginal rift system is the result of
extension and necking of the continental crust. The sequential restoration of a regional dip transect
suggests the salt present in the distal Yucatan margin was deposited within a topographic low that
formed during the late Jurassic (170-163 Ma) and formed the major depocenter for both
sedimentary rocks and salt that is up to 7 km in thickness. I provide analogs for similar marginal

rift systems from the rifted margins of the South China Sea, Brazil, and the North Sea.

1.2.4 Summary of Chapter 5

Full-Tensor Gravity Gradient (FTG) data are the XYZ rates of change of the Earth’s
gravitational vector field and reveal subtle density variations in the subsurface. FTG data is similar
to vertical gravity data but is far more sensitive to subtle density variations in the subsurface
because FTG data consists of the measured directional gradient components of the gravity field.
The northwestern to north-central areas of the Gulf of Mexico basin are underlain by thick, shallow
layers of salt that obscure seismic data imaging of deeper sedimentary layers. | used high-
resolution FTG data to model and map the allochthonous salt canopy in a 19,100 km? area of the

northern Gulf of Mexico basin.
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The base of the remobilized, late Jurassic salt canopy was inverted into a 3D model using
the vertical gradient component of the FTG data and satellite-derived gravity data.
Minima/maxima of horizontal FTG components are located over near-vertical boundaries formed
by density contrasts and provide directional guidance to the source body of the salt canopy and
allow its geometry to be mapped. The inverted base of salt from FTG data is consistent with the
base of salt interpreted from 2D seismic reflection data - except for the northeastern part of the

study area where the inverted base salt is deeper.
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The following chapter is: Liu, M., Filina, 1., and Mann, P., 2019. Crustal structure of Mesozoic
rifting in the northeastern Gulf of Mexico from integration of seismic and potential fields data.
Interpretation, vol. 7, No. 4., T857-T867.
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CHAPTER 2: CRUSTAL STRUCTURE OF MESOZOIC
RIFTING IN THE NORTHEASTERN GULF OF MEXICO FROM
INTEGRATION OF SEISMIC AND POTENTIAL FIELDS DATA

2.1 Introduction

Since the publication of high-resolution satellite gravity images of the Gulf of Mexico basin
(GOM) by Sandwell et al. (2014), most workers now accept that the GOM opened during a first
phase from the late Triassic to middle Jurassic and a second phase from the late Jurassic to earliest
Cretaceous (Hudec et al., 2013; Eddy et al., 2014; Nguyen and Mann, 2016). The late Triassic-
middle Jurassic (210-163 Ma) Phase 1 presalt rifting was recorded by a broad zone of northeast-
trending rifts in the northeastern GOM that reflected northwest to southeast continental extension
between the North and South American continents and the intervening, continental Yucatan block
(Figure 2.1) (Buffler and Sawyer, 1985; Hudec et al., 2013; Snedden et al., 2014; Steier and Mann,
2019). The aftermath of Phase 1 rifting included the formation of a large unfaulted sag basin where
the Louann-Campeche salt of Callovian age (163-161 Ma) was deposited (Hudec et al., 2013;
Snedden et al., 2014). Salt deposits thicken over individual sags either as a result of increasing
accommodation and enhanced deposition related to thermal subsidence of the underlying rift
and/or from post-depositional, downslope movement along mobile salt rollers (Steier and Mann,
2019). This extensive salt basin formed a broad (200-688 km) and thick (6 km) basin in the western
GOM but thinned to zero along a narrow (68 km wide) seam in the eastern GOM (Steier and Mann,
2019) (Figure 2.1). This eastward-thinning pattern of the extensive evaporite deposit has led
previous workers to propose that oceanic spreading propagated across the incipient central GOM

from west to east (Marton and Buffler, 1994) and that influx salt water from the Pacific Ocean into
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the western GOM provided the source for thicker and more extensive salt deposits in the western

GOM (Steier and Mann, 2019).
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Figure 2.1 Tectonic map of the eastern GOM showing the location of the two megaregional
seismic lines in heavy black lines relative to the locations of (1) Late Triassic-Early Jurassic Phase
1 rifts, (2) Callovian salt deposits (Steier and Mann, 2019), (3) Late Jurassic Phase 2 rifts, and (4)
Late Jurassic-earliest Cretaceous spreading ridges and its flanking area of oceanic crust in the deep
central GOM (Lin, 2018) in the northeastern GOM. The light-green polygon shows the SSDR
province mapped by Eddy et al. (2014). The dashed purple line shows the outline of the
Apalachicola Basin (AB) from the mapping of a seismic reflection grid by Dobson and Buffler
(1997). Salt diapirs from Huffman et al. (2004) and Steier and Mann (2019) are shown as pink
polygons. The yellow dotted line shows the up-dip limit of Louann salt compiled from Rowan
(2014) and Steier and Mann (2019).
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Rift phase 2 of late Jurassic age (161-153 Ma) — was recorded by a more localized and
crosscutting pattern of “marginal rifts” or “outer troughs” that immediately preceded the formation
of late Jurassic-earliest Cretaceous (154-137 Ma) oceanic crust in the central deepwater
GOM (Hudec et al., 2013; Snedden et al., 2014; Lin et al., 2019) (Figure 2.1). These Phase 2
marginal rifts are immediately adjacent to and sub-parallel with the continent-ocean boundary
(COB) along the Yucatan-Florida conjugate margins (Escalona and Yang, 2013; Steier and Mann,
2019; Lin et al., 2019) as well as the northwestern GOM-Campeche conjugate margins (Hudec
and Norton, 2019). This crescent-shaped area of central GOM oceanic crust with its complex
pattern of short spreading ridges offset by fracture zones (Figure 2.1) had been previously mapped
from regional seismic refraction surveys, potential field studies, and deeply-penetrating seismic
profiles (Buffler and Sawyer, 1985; Marton and Buffler, 1999; Bird et al., 2005; Pindell and

Kennan, 2009; Pindell et al., 2016).

The formation of the late Jurassic-earliest Cretaceous oceanic crust split the single pre-
oceanic salt basin into two widely separated salt areas: the Louann salt in the US GOM and the
Campeche salt in the Mexico GOM (Pindell and Kennan, 2009; Hudec et al., 2013; Pindell et al.,
2016; Steier and Mann, 2019) (Figure 2.1). Snedden et al. (2014) and Lin et al. (2019) documented
late Jurassic-recent sedimentary infilling of the area of oceanic crust and used the age of downlap
to infer the timing of formation of oceanic crust from earliest late Jurassic (154 Ma) to the earliest
Cretaceous (137 Ma) along a slow (2.2-2.4 cm/yr) spreading ridge (Figure 2.1) (Hudec et al., 2013;

Snedden et al., 2014).

One area of continuing controversy for the GOM opening history that also forms the main

objective of this paper is the geologic record of Phase 1 rifting and associated magmatic activity

18



that is deeply buried beneath the thick, Cretaceous-Cenozoic sedimentary rocks of the northeastern
GOM (Figure 2.1). Because Phase 1 structures in this area are older, more deeply buried to depths
around 10 km, and locally mantled by a 2-5 km thick salt layer, seismic reflection data are more
challenging to interpret and needs careful integration with gravity and magnetic observations and

models.

Previous workers such as MacRae and Watkins (1995) and Dobson and Buffler (1997)
used industry seismic grids to propose that thick, layered units seen on seismic lines in the
northeastern GOM are coarse conglomerate and sandstone that are equivalent to the coarse-grained
clastic rocks of the Eagle Mills Formation described from the subsurface of the northern GOM
(Warwick, 2017). These workers also proposed that these units were uniformly tilted southwards
in the direction of oceanic crust in the central GOM because of their Mesozoic deposition and
rotation in Phase 1 half-grabens. In contrast, more recent studies - including Imbert (2005), Imbert
and Philippe (2005), Eddy et al. (2014), Van Avendonk et al. (2015), Pascoe et al. (2016), and
Curry et al. (2018) - all proposed that these reflectors represented “seaward-dipping reflectors
(SDR)”- or layered volcanic flows - that accompanied the Phase 1 rifting event prior to late Jurassic

salt deposition (163-161 Ma).

Eddy et al. (2014) used 2D industry seismic lines to identify two zones of SDR’s: 1) a
southern zone adjacent to the COB that was previously described by MacRae and Watkins (1995)
and Dobson and Buffler (1997); and 2) a northern zone that corresponds to the Apalachicola rift
(AR) ~180 km north of the oceanic COB (Figure 2.1). Eddy et al. (2014) suggested that: 1) the
northern zone may be part of an “inner wedge” system of syn-rift basins that were filled with both

basalts and volcaniclastic sedimentary rocks during continental extension; and 2) that the southern
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zone was an “outer wedge” overlying more thinned and distal continental crust as described by

Planke et al. (2000) from other rifted continental margins.

This study combines the following geophysical and geologic datasets to better understand
the rifted crustal structure in this area: 1) two regional seismic profiles (lines DeepEast 533 and
DeepEast 1547) ranging in length up to ~370 km that were kindly provided to us by Spectrum Geo
(Figure 2.1); 2) published satellite gravity data (Sandwell et al., 2014); 3) published magnetic data
(Bankey et al., 2002; Meyer et al., 2017); and 4) public well data (Buffler et al., 1984; Hilterman,

1998; BOEM, https://www.boem.gov).

All of these datasets were used to constrain two integrated geophysical models that improve
the locations of the COB, the Apalachicola and marginal rifts, and both magmatic zones. The
spatial analysis of gravity and magnetic fields was performed to improve the interpretation of

tectonic structures.

2.2 Data and methods

2.2.1 Seismic data

In 2010, investigators of the Gulf of Mexico Basin Opening Project (GUMBO) used
seismic refraction transects to study the lithological composition and structural evolution of the
GOM (Duncan, 2013; Christeson et al., 2014; Eddy et al., 2014). Ocean Bottom Seismometers
(OBS) and an air-gun seismic source were employed to collect seismic refraction data along four
dip profiles of the US northern GOM. The OBS spacing for transects in the northeastern GOM is

12 km with a time sampling interval of 5 ms and a shot spacing of 150 m (Duncan, 2013).

GUMBO line 3 (Model 1 in Figure 2.1; Figure 2.2A) extends from offshore Florida, across

De Soto Canyon, to the deep central GOM. Figure 2.2A shows the interpretation of three major
20



subsurface layers from seismic refraction data based on velocity structure. Eddy et al. (2014)
interpreted the COB to be located at 290 km along the profile. The first 330 km of this profile was
used to study the architecture of the rifted continental margin. Two zones of relatively fast seismic
velocity were imaged within the lower crustal layer and can be interpreted as underplating in the
lower crust. These zones correlate with high-amplitude anomalies in the observed magnetic field,

as noted by Eddy et al. (2014).
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Figure 2.2 (a) Cross-section modified from seismic refraction experiment along GUMBO line 3
(Eddy et al., 2014). This GUMBO profile was used to constrain the crustal layers of the integrated
geophysical model 1 that is shown in Figure 2.3a. NSDR, northern SDR; AR, Apalachicola rift.
(b) Seismic reflection profile 1 is from the Spectrum DeepEast 533 seismic reflection line and was
used to constrain the sedimentary layers and the basement of model 1 as shown in Figure 2.3a. (c)
Seismic reflection profile 2 is from the Spectrum DeepEast 1547 seismic reflection line and was
used to build model 2 as shown in Figure 2.3b. The boxed areas on seismic lines shown in (b and
c) are magnifications of both lines in Figure 2.5d and 2.5f, respectively, in the area of the AR
basin.
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Two seismic profiles from Spectrum Geo DeepEast dataset were used to interpret crustal
features and to build 2D crustal models using potential fields data. The DeepEast survey was
acquired in 2007 with a shot point interval of 37.5 m and a two-way-time record length of 14

seconds. The seismic data were depth migrated.

Figure 2.2B shows the first 330 km of seismic reflection profile DeepEast 533 that is
coincident with the GUMBO line 3. Geophysical Model 1 was built along GUMBO line 3 to better
constrain the sedimentary section and the upper crust. GUMBO line 3 was used to constrain the
crustal thickness and the intrusions within the lower crust (Figure 2.2A). Figure 2.2C shows part
of 2D seismic reflection line DeepEast 1547 that was used to constrain the sedimentary section

and upper crust of geophysical Model 2.

2.2.2. Integrated geological and geophysical analysis

Free-air satellite gravity field data (Sandwell et al., 2014) and the USGS regional magnetic
compilation (Bankey et al., 2002) were used in developing both integrated geophysical models and
for mapping the major tectonic structures such as the COB, SDR province(s), and the marginal rift
that flanks the area of the late Jurassic oceanic crust underlying the deepwater GOM (Lin et al.,
2019). The reported accuracy of the free-air gravity dataset is about two mGal (Sandwell et al.,

2014).

Before sampling and modeling, the magnetic dataset was reduced to the pole (RTP) to
remove the skewness of magnetic anomalies due to non-verticality of the ambient magnetic field
and to make interpretations easier - although there is clear indication whether these anomalies are
caused by induced or by remnant magnetization (Bankey et al., 2002. Because most of the USGS
magnetic data were collected in 1985 in the northeastern GOM (Bankey et al., 2002, the following
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parameters from the magnetic epoch for 1985 were used during the reduction to the pole
transformation; inclination of 55.77 degrees, declination of 4.21 degrees, and total intensity of

48785 nT.

The subsurface of the GOM was divided into several layers and physical properties (density
and magnetic susceptibility) were assigned to each layer based on well data (sedimentary layers
and the upper continental crust) or published values for various types of rocks (lower continental

and oceanic crustal units).

Exploration well G2468 (BOEM) located 8 km west of line DeepEast 553 (Figure 2.1) was
used to constrain the top of the carbonate platform (91.44 m or 300 ft). With limited basement
penetrated wells in the GOM, we used a DSDP well at site 538A (Buffler et al., 1984) in the
southeastern GOM to constrain the bulk density of the upper continental crust. The general density-
velocity trend from 447 deepwater wells (Hilterman, 1998) was modified from Filina et al. (2015).
The potential fields' response was computed for each model and compared with the observed
signal. The model was then adjusted to ensure a good match between observed and calculated
signals in both gravity and magnetic data and was checked for consistency with seismic, gravity,
magnetic, and well log information. All gravity and magnetic modeling were performed using

Seequent’s Oasis Montaj software.

2.2.3 Spatial analysis

Major geological boundaries are manifested by different polarities, amplitudes, and
wavelengths of the potential fields data and are delineated as boundaries by the magnitude of
contrast in physical properties, geometry, and the depth of the contact between the juxtaposed
rocks. For these reasons, the recorded potential fields represent the combination of all the signals
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related to various geological structures in the subsurface. In order to highlight the specific crustal

structures, its important to remove other competing signals as a first step.

Bouguer correction was performed on the free-air gravity field by taking into account the
gravity effect of water (density of 1.03 g/cc) over the unconsolidated sediments with an assumed
density of 2.0 g/cc. The regional trend due to gravity effects of deep structures was removed,

including the Moho boundary, by an upward continuation to the elevation of 40 km.

Despite its finer sampling interval of 1 km, the USGS magnetic dataset does not cover the
region of offshore Florida (Bankey et al., 2002). Instead, the spatial analysis was performed using
the EMAG_V3 dataset (Meyer et al., 2017) from the National Oceanic and Atmospheric
Administration (NOAA) with a spatial resolution of 2-arc-minutes (about 3.6 km in the GOM).
According to NOAA, some grids and track line data that were collected during the period of 1946
to 2014 have been included in EMAG2_V3. Lacking the detailed information about when the
magnetic data in northeastern GOM were collected, the same parameters from the USGS magnetic

dataset (Bankey et al., 2002) were used from 1985 to reduce EMAG2_V3 to the pole.

A series of derivative filters (mathematical transformations) were applied to highlight the
lineaments in both potential field datasets . The correlations of the observed lineaments with the
geological structures determined from the two modeled profiles were used to extend the
interpretation to the areas outside of the area of my seismic coverage (Figure 2.4). Information
from the analysis of the gravity and magnetic data (Figure 2.4) were used to map the extent of the

marginal rift basin, the SDR provinces, and the COB.

26



2.3 Results

2.3.1 Model 1

Model 1 (Figure 2.3A) comprises seventeen layers each with its own density and magnetic
susceptibility. The top ~10 km consists of eight sedimentary layers with their modeled densities
that include: Pleistocene (2.25 g/cc), Pliocene (2.35 g/cc), Miocene (2.4 g/cc), Paleogene (2.45
g/cc), Mesozoic (2.55 g/cc), salt (2.15 g/cc), carbonate rocks (2.6 g/cc), and marginal rift
sedimentary rocks (2.55 g/cc). The magnetic susceptibility of the sedimentary section was assumed
to be 0 SI except for the marginal rift sediments (0.005 Sl), which has been proposed by Weil and
Yonkee (2009) and Tan et al. (2007) to consist of redbeds. The southern SDR (SSDR in Figure
2.3A) province was assigned the density of 2.85 g/cc and magnetic susceptibility of 0.05 SI. The
northern province (NSDR/AR in Figure 2.3A) was assigned the same physical properties as the

SSDR.
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Figure 2.3 (a) Integrated geophysical model 1 that is coincident with the GUMBQO3 refraction line
(Figure 2.2a) and the Spectrum DeepEast 533 reflection line (Figure 2.2b). The black lines outline
the subsurface layers. The SSDR province is adjacent to the marginal rift basin that filled with the
sediments, reactivated salt, whereas the NSDR province is contained within the AR. The dashed
white line shows the proposed boundary between sedimentary-filled AR to the southwest and the
NSDR to the northeast. The interpreted COB is shown as a blue dotted line. (b) Integrated
geophysical model 2 that is constrained by the Spectrum DeepEast 1547 seismic reflection profile.
The black lines in the bottom panel outline subsurface layers. The NSDR/AR province is located
above an elevated Moho, whereas the SSDR province occurs adjacent to the marginal rift basin.
The COB is shown as a blue dotted line.
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The crust along Model 1 changes from a relatively unstretched continental crust at the
northeastern end of the line to a much thinner oceanic crust of the central deepwater GOM at the
southwestern end of the line (Figure 2.3A). The bottom layer of the model is the mantle with a
density of 3.3 g/cc and magnetic susceptibility of 0 SI. The overall physical properties of the
modeled rocks are consistent with similar studies performed by Filina (2018), Filina (2019), and
by Filina and Hartford (2018, 2019) in the southern GOM. The only difference between Model 1
and the lines modeled by Filina (2018), and Filina (2019) is the increased magnetic susceptibilities
of the crustal rocks in the northeastern GOM with respect to the northwestern and central GOM.
This magnetic variation at the scale of the entire GOM is consistent with the west to east increase

in magmatism in the GOM (Eddy et al., 2018).

In the northern continental area of Model 1, the crust is composed of two layers — the upper
and the lower continental crust units. The thickness of the upper continental crust varies between
6 and 13 km. This layer has a density of 2.78 g/cc as constrained by DSDP well 538A (Buffler et
al., 1984) and is assigned a magnetic susceptibility value of 0.04 SI. The NSDR region is
constrained within the Apalachicola rift as previously interpreted by Dobson and Buffler (1997)
and shown on the Spectrum seismic reflection line in Figure 2.3. The NSDR is 67 km wide and up

to 10 km thick (at the model distance of 22-89 km, Figures 2B, 3, and 4).

From seismic reflection data alone it is difficult to distinguish layered infill related to
magmatic SDRs within the Apalachicola rift from layered sedimentary infill as previously noted
by MacRae and Watkins (1995), who ultimately favored a volcanic origin for the layering. Due to

the observed and modeled potential fields, this study proposes a magmatic SDR origin for the
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layering as proposed by Imbert (2005), Imbert and Philippe (2005), Eddy et al. (2014), Van

Avendonk et al. (2015), Pascoe et al. (2016), and Curry et al. (2018).

For both the SSDR and the Apalachicola rift in the north, the strongest and most planar
reflectors dip southward towards the oceanic crust of the deepwater GOM and are located within
or along the northern flanks of the rifts (Figure 2.3A). To satisfy gravity and magnetic signals,
both regions must be filled with rocks of a higher density of 2.85 g/cc and higher magnetic
susceptibility of 0.05 Sl than the upper crust. The SSDR province has a lateral extent of 40 km in
Figure 2.3A and is 12 km wider than the SDR province interpreted by Eddy et al. (2014) on
GUMBO line 3. According to Model 1, this inferred SSDR province is 10 km thick (Figure 2.3A).
The marginal rift in the south is 3 km thick, 48 km wide, and bounded by the SSDR in the north
and by the COB in the south. The density of the marginal rift section is assumed to be 2.6 g/cc,

and magnetic susceptibility is assigned as 0.005 SI.

The lower continental crust was assumed to have a density of 2.92 g/cc (Carlson and
Herrick, 1990) with a magnetic susceptibility of 0.06 SI. These parameters were determined during
the modeling based on an improved fit between the observed and computed magnetic fields. The
derived magnetic susceptibility is generally consistent with the range of 0.025 to 0.086 Sl for the
rocks of the lower continental crust as proposed by Schnetzler (1985). The ocean crust was

assigned a density of 2.85 g/cc and magnetic susceptibility of 0.075 Sl for Models 1 and 2.

The interpreted COB is located at a distance of 301 km along Model 1, which is coincident
with a prominent magnetic trough (Figure 2.3A). The magnetic signal is very sensitive to the
location of the COB in this model. The model also suggests the presence of two anomalous, high-
density bodies (intrusions 1 and 2) within the lower continental crust that are located between 46-
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119 km and 196-280 km along the length of Model 1. These intrusive bodies were modeled with

a density of 2.95 g/cc and magnetic susceptibility of -0.1 SI.

The presence of intrusive bodies was constrained by their magnetic signal. Intrusions 1 and
2 are inversely magnetized and are coincident with the zones of fast seismic velocities (~7.5 km/s)
in the lower continental crust that was mapped in the refraction experiment (Figure 2.2A). The
inferred intrusive bodies are dense, highly magnetic and characterized by fast Vp value. Similar
intrusive bodies were interpreted by Filina (2019) in the northwestern and central GOM, and by
Filina and Hartford (2018) in the southern GOM. The dense intrusive structures in the lower crust
can explain the presence of a flat Moho because the intrusions of mafic melts can compensate for

crustal thinning and a shallow Moho as observed in other rifts (Nielsen and Thybo, 2009).

2.3.2 Model 2

Model 2 was built along the Spectrum seismic reflection profile DeepEast 1547 (Figure
2.2C) and extends from offshore Florida toward the Yucatan margin (see location in Figure 2.1).
Model 2 consists of fourteen layers up to a depth of 40 km (Figure 2.3B). Subsurface rocks were
assigned the same physical properties as used in Model 1 shown in Figure 2.3A. One
autochthonous salt body over the marginal rift deposits was included in the model based on the

interpretation of the seismic reflection image (Figure 2.2C).

The COB is located at 336 km along Model 2 and is manifested as a magnetic low similarly
to the magnetic low observed along the COB in Model 1 (Figure 2.3B). The continental crust for
Model 2 was also modeled with an upper and lower continental crust with the same physical
properties as seen in Model 1 (Figure 2.3A). Similar to Model 1, two intrusive bodies were added
to the lower continental crust of the Model 2 at distances along the length of the seismic line
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between 70-200 km (intrusion 1) and 280-323 km (intrusion 2). These intrusions in the lower crust
are required to fit the magnetic profile and are consistent with high-density, magmatic bodies that

underlie other continental rifts worldwide as discussed by Nielsen and Thybo (2009).

As no seismic refraction data are available for Model 2, its correlation with higher seismic
velocities cannot be established. Both intrusions have negative magnetic polarity and are modeled
with a magnetic susceptibility of -0.1 SI, which is the same value with the magnetic susceptibility
used for Model 1. Similarly, one SDR province, the Apalachicola rift, and the marginal rift were
interpreted from seismic data and were included in Model 2 (Figure 2.3B). The rift to the north
occurs between the model distances of 40-103 km, and the SSDR is to the south (216 - 273 km)

and occurs adjacent to the marginal rift basin.

2.3.3 Tectonic structures from spatial analysis

This study determined the locations of the COB, the marginal rift basin, and both SDR
provinces from the 2D models and correlated them with the lineaments in filtered potential fields
that could be traced outside of seismic coverage (Figure 2.4). The tilt derivative transformation of
the residual Bouguer gravity map (Figure 2.4A) and the first derivative filter of the residual RTP
magnetic field (Figure 2.4D) were used to map the lateral extents of the COB, the marginal rift,
and both SDR provinces. In general, the magnetic lineaments appear to be less pronounced than
the gravity lineaments and likely reflect the different resolutions of these two datasets. As the
anomalies are better highlighted in the filtered gravity field than from magnetic data, the spatial
analysis was primarily constrained using the filtered gravity map and then validated with the

filtered magnetic field.
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Figure 2.4 Continental margin rift structure, northern and southern SDR provinces, and the COB
as interpreted from spatial analysis of potential fields and constrained from models 1 and 2. The
filtering process is described in the text. (a) Tilt derivative of the residual Bouguer gravity map.
(b) Tilt derivative of the residual Bouguer gravity map showing locations of the SSDR and
NSDR/AR provinces, COB, and marginal rift basin. (c) First vertical derivative of the RTP
magnetic map. (d) First vertical derivative of the RTP magnetic map with interpretations from this
study. The purple line marks the boundaries of the NSDR/AR province, whereas the brown line
shows the SSDR province. The dashed lines on the two sides of the mapped structures indicate the
uncertainty of the spatial interpretation. The marginal rift basin is outlined by a dark blue line, and
the COB is shown in green. The black dotted line shows the updip limit of the Louann salt from
Rowan (2014) and Steier and Mann (2019). The dashed white line shows the eastern boundary of
the AB from Dobson and Buffler (1997).
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The locations of the COB from the two models, i.e., 301 km along Model 1 (GUMBO3)
and 336 km along Model 2, were shown on the filtered potential fields as black ticks (Figure 2.4B
and 4D). These COB locations correspond to the same gradient in the filtered gravity, which is the
edge of a pronounced high. On magnetic data, the COB locations are marked by a linear magnetic
low. These correlations were used to trace the COB for the entire study area as shown in Figure
2.4. Both the SSDR province and NSDR/AR correspond to gravity and magnetic highs, while the

marginal rift basin is expressed by gravity and magnetic lows.

The modeled result suggests that the width of the marginal rift basin decreases from 48 km
to 28 km on Models 1 and 2, respectively. The thickness of the sedimentary fill in the marginal rift
basin is 3 km in both models. According to the spatial analysis, the marginal rift sedimentary basin
wedges out to the east of the Model 2 and is bounded by the SSDR province in the north and by
the COB in the south (Figure 2.4B and 4D). The Apalachicola rift has an average width of 65 km
and an average thickness of 10 km, while the SSDR province is 48 km wide and 7 km thick (Figure

2.4).

2.4 Discussion

As a result of the integrated modeling, this study has derived physical properties (density
and magnetic susceptibility) of the subsurface rocks that are consistent for both models (Figure
2.3A and 3B). These physical properties are either constrained by well data (sedimentary layers
and upper continental crust) or with published values from previous gravity and magnetic models
for the GOM (Filina et al., 2015). The modeled intrusive bodies share the same value of magnetic

susceptibility, and their magnetic polarity pattern is also consistent between both models. The
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locations of the intrusions 1 and 2 on Model 1 correspond to the fast VVp zone in the refraction

experiment results described by Eddy et al. (2014) (Figure 2.2A) and Van Avendonk et al. (2015).

The derived COB locations for Models 1 (Figure 2.3A) and 2 (Figure 2.3B) are constrained
from both potential field datasets, although the magnetic field appears to be more sensitive than
the gravity field for better defining the COB location. The 3-km-thick marginal rift section
interpreted in Model 1 from seismic reflection data (Figure 2.2B) is also consistent with the
observed magnetic profile. The marginal rift section thins to the southwest in both models and
likely reflects the extreme thinning of the underlying, continental crust in the direction of the
adjacent oceanic crust (Figure 2.3A, B). The NSDR and SSDR provinces require denser and more
magnetic rocks with respect to the upper continental crust in order to explain observed gravity and
magnetic signals (Figure 2.4A and 4B). The NSDR province appears to be wider (65 km) and
longer (285 km) than the SSDR (48 km wide and 235km long). The SSDR province is about 22
km wider and 63 km longer than the same province as determined by Eddy et al. (2014) (Figure
2.1, 26 km wide and 172 km long). The northwestern edge of the SDR province from Eddy et al.
(2014) appears to be limited than what was proposed in this study based on the potential field data
(Figure 2.1). Using the DeepEast seismic reflection dataset, the SDR was extended to the northwest

beyond the original SDR area mapped by Eddy et al. (2014).

This study supports previous workers that the layered units associated with the
Apalachicola rift in the north and adjacent to the marginal rift in the south are SDRs of magmatic
origin. These previous SDR studies include Imbert (2005), Imbert and Philippe (2005), Eddy et

al. (2014), van Avendonk et al. (2015), Pascoe et al. (2016), and Curry et al. (Curry et al., 2018).
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A magmatic origin for the SDRs is consistent with the observed and modeled higher
densities and magnetic susceptibilities in both these areas (Figures 3A and 3B) and the uniform
seaward dip of the reflectors in both areas. It is clear that the northern area of SDRs was erupted
into the Apalachicola rift (Figure 2.4), and the southern area of SDRs erupted adjacent to the
marginal rift about 162 Ma (Eddy et al., 2014). The top of the NSDR unit is truncated by the sag

basin overlying the Apalachicola rift (Figure 2.5D and 5F).
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Figure 2.5 (a) Uninterpreted depth-migrated seismic reflection data of the marginal rift on line 1.
(b) Seismic interpretation for the juxtaposition of the marginal rift and SSDR. The age control is
fromwell LL399 (Figure 2.1). KTB, Navarro-Taylor Formations (66-123 Ma); SH, Sligo-Hosston
Formations (123-138 Ma); CVB, Cotton Valley-Bossier Formations (138-142 Ma); and HVB,
Top Haynesville-Buckner Formations (152 Ma) are the horizons interpreted in this study based on
ties shown in Snedden et al. (2013) and Lin et al. (2019). (c) Uninterpreted depth migrated seismic
reflection data of the AR and its overlying sag basin. (d) Seismic interpretation of the infill and
bounding normal faults of the 10 km thick AR. The red polygon shows the 10 km thick, volcanic
flows along the northeastern edge of the rift. () Uninterpreted depth-migrated seismic reflection
section of the Spectrum DeepEast 1547. (f) Interpretation of the 8 km thick, eastern AR witha 7
km thick NSDR shown in the red. Previous workers have noted that the AR thins and eventually
disappears in an eastward direction.
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The dip of these volcanic rocks was likely controlled by the topographic depression of the
rift valley and eruption along bounding normal faults which in the case appear to be along the
northern edge of the rift (Figure 2.5D and 5F). A Precambrian analog for voluminous volcanic
rocks infilling the Apalachicola rift is the Midcontinent rift beneath Lake Superior where 8 km of
volcanics and interbedded sedimentary rocks (velocity of 5.0-6.5 km/s) infilled the central axis of
the rift (Behrend et al., 1988; Shay and Tréhu, 1993). A well developed, symmetrical sag basin up
to 1-3 km in thickness overlies the Apalachicola rift. Vertical relief of the sag promoted the

downslope motion of salt rollers (Figure 2.5D).

In contrast to the NSDR volcanics confined to the Apalachicola rift, the SSDR province
appears to have formed in an unconfined continental margin setting (Figure 2.5B) as observed on
coeval Mesozoic Atlantic rifted margins (Eldholm et al., 1995; Tian and Buck, 2019). The SSDR
in the northern GOM sits at a structurally higher level relative to the adjacent marginal rift and
appears to have formed prior to the Phase 2 marginal rift adjacent to oceanic crust beneath the

central GOM (Figure 2.5B).

The west-to-northwest orientation of the marginal rift and parallelism with the COB is
consistent with its formation during the late Jurassic Phase 2 rifting during rotation of the Yucatan
block and immediately preceded the formation of late Jurassic oceanic crust (Steier and Mann,
2019; Lin et al., 2019) (Figure 2.1). The parallel, west-northwest orientation and shape of the
Apalachicola rift and its overlying sag basin indicate that it likely propagated in an eastward
direction (Figure 2.5D and 5F). Salt thickens in the sag basin overlying the wider western end of
the rift (Figure 2.5D) but thins and disappears in the thinner sag overlying the narrower eastern

end of the basin (Figure 2.5F). The unusual, west-northwest trend of the Apalachicola rift in
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comparison with more northeasterly Phase 1 rifts may indicate that the Apalachicola rift may have
formed as a transitional rift between the northeast-striking Phase 1 rifts and the marginal rifts that

formed adjacent to the initial, late Jurassic oceanic crust (Lin et al., 2019).

2.5 Conclusions

This study developed two integrated geophysical models in the northeastern GOM based
on combined analysis of seismic, gravity, magnetics, and well data. The seismic data and gravity
and magnetic modeling constrain a 3 km thick sedimentary fill in the marginal rift that includes
reactivated and highly-deformed salt deposits that are thicker in the marginal rift than in adjacent
areas (Figure 2.2B, 2C, 3A, and 3B). Gravity and magnetic modeling show that the marginal rift
basin is 42 km wide along seismic line 1, narrows to a width of 28 km along seismic line 2, and
disappears to the east. The marginal rift from this study is similar in dimensions and thickness to
those described along the Yucatan-Florida conjugate margin (Steier and Mann, 2019) and the

northwestern GOM-Campeche conjugate margin (Hudec and Norton, 2019) (Figure 2.1).

The marginal rift in the study area is bounded by the 48 km wide SSDR magmatic province
of southward-dipping reflectors along its northern flank and by the down-to-the-north “step-up
fault” bounding the COB along its southern flank (Figure 2.4B and 4D). The SSDR magmatic

province is estimated to be 48 km wide and 235 km long.

A 65 km wide and 285 km long province of dense and highly magnetic rocks similar to
SSDR that is entirely contained within the Apalachicola rift is well defined on both seismic
reflection lines (Figure 2.2B and 2C). Based on the potential fields modeling, this study supports
the interpretation that the high density (2850 kg/m®), 7-10 km thick, layered sections are of

magmatic origin as proposed by Imbert (2005), Imbert and Philippe (2005), Eddy et al. (2014),
42



Van Avendonk et al. (2015), Pascoe et al. (2016), and Curry et al. (2018). These rocks exhibit
densities and magnetic susceptibilities that are consistent with rocks of magmatic origin. This is

not a typical SDR as the unit is confined within a rift basin setting (Figure 2.5D and 5F).

This study proposes that the Apalachicola rift may have propagated eastward as it becomes
narrower and exhibits a smaller overlying sag basin in the eastern area (Figure 2.5F). The
anomalous east to the southeast trend of the Apalachicola rift contrasts with other Triassic-Early
Jurassic rifts and may indicate that the Apalachicola rift may have formed as a transitional rift
between the northeast-trending Phase 1 rifts and the more east-west Phase 2 marginal rift adjacent
to oceanic crust (Figure 2.1). The integration of multiple geophysical datasets resulted in much

better constrained crustal structures than derived from 2D seismic alone.
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CHAPTER 3: MESOZOIC OPENING HISTORY OF THE
GREATER GULF OF MEXICO BASIN BASED ON A 3D GRAVITY
INVERSION TO DERIVE CRUSTAL THICKNESS

3.1 Introduction

After several decades of research, the Gulf of Mexico (GOM) basin opening history
remains controversial, especially for its deeply-buried, Phase 1 continental rifting stage during the
late Triassic and early Jurassic (Eddy et al., 2014). The rifted continental margins between the
North American plate and the Yucatan plate have been debated for decades for three reasons: 1)
no magnetic isochrons have been identified for the late Jurassic oceanic spreading history of Phase
2 (Lin et al., 2019); 2) deeply-buried Phase 1 Mesozoic rifts that underlie the coastal plains
deepwater areas of the GOM have not been directly dated and are known mainly from indirect,
geophysical imaging; and 3) the southern conjugate margin of the Gulf of Mexico and Yucatan
margins in the Caribbean and northern South America region have been strongly overprinted by
Cenozoic, convergent and strike-slip tectonics (Frederick et al., 2020).

Several models exist for the rigid reconstruction of seafloor spreading in the GOM and
include the models of Pindell (1985), Nguyen and Mann (2016), Pindell et al. (2016), and Minguez
et al. (2020). In addition to these rigid plate models, Dunbar and Sawyer (1987) and Kneller and
Johnson (2011) performed non-rigid plate reconstruction by estimating crustal thickness from local
isostasy and restored the stretched margins to a pre-rift thickness. However, both these rigid and
non-rigid reconstructions were carried out prior to the release of the latest satellite gravity data

from Sandwell et al. (2014) that clearly delineated the spreading centers, fracture zones in late
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Jurassic oceanic crust that underlies the central GOM basin and the COBs separating oceanic and
thinned continental crust (Figure 3.1).

In addition to the advances in satellite gravity, the Gulf of Mexico Basin Opening
(GUMBO) project for collecting long crustal refraction lines across the northern GOM basin
provided new rifting constraints that included the discovery of several high-velocity zones within
the lower continental crust that were interpreted as magmatic underplating beneath the

northeastern GOM basin (Christeson et al., 2014; Eddy et al., 2014).
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Figure 3.1. A) Geographic setting of the Gulf of Mexico (GOM) with the black line representing
the continent-ocean boundary (COB) from Sandwell et al. (2014) and the yellow lines representing
the extinct late Jurassic, oceanic spreading center and fracture zones from Lin et al. (2019). The
black dashed line shows the up-dip limit of Jurassic salt deposition from Rowan (2014). Triassic
rifts in red are compiled from Liu and Mann (2021, Chapter 4) and Lin (2018). The white line
adjacent to the oceanic crust is the marginal rift from Liu and Mann (2021, Chapter 4). B) Map
showing the datasets used in this study overlain onto a bathymetric map. Thin, white lines show
the locations of depth-converted 2D seismic reflection data from Spectrum (now TGS). Black
inverted triangles are seismic refraction stations from the USGS earthquake database and the
following publications: Ewing et al., 1960; Cram, 1961; Antoine and Ewing, 1963; Hales et al.,
1970; Del Castillo G, 1974; Ibrahim et al., 1981; Ibrahim and Uchupi, 1982; Ebeniro et al., 1986;
Nakamura et al., 1988; Kim et al., 2000. Yellow dots represent the wells that were used for density
information used in gravity modeling. C) Depth to basement map compiled from seismic
interpretations and published datasets by Bayley and Muehlberger (1968), Laske et al. (2013), and
Straume et al. (2019). Numbers are different basement terranes from Netto and Dunbar (2019). 1
= Precambrian Granite rhyolite province. 2 = late Paleozoic Appalachian deformation front; 3 =
Peri-Laurentian terranes; 4 = Peri-Gondwanan terranes; 5 = Suwannee terrane; 6 = Wiggins arch;
7 = Sabine block; 8 = Grenville terranes; 9 = Coahuila; 10 = Yucatan block; 11 = Tamaulipas
arch; 12 = Chicxulub impact site. D) Map summarizing the confidence levels for mapping the
top of crystalline basement based on seismic reflection and refraction data of areas within the
GOM and southern Appalachians (higher confidence) and gridded satellite gravity data (lower
confidence) covering the entire areas of the map that includes the GOM and its surrounding land
areas. Lower confidence assigned to global grids of gravity and magnetic data reflects smoothing
between actual data points. Oceanic crust is easily recognizable based on its distinctive seismic
reflector and therefore mapped with intermediate to high confidence. The seismic interpretation of
thinned continental crust region is considered an intermediate confidence zone as these areas are
deeply buried and not always well imaged.
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This study follows the methodology that has been previously applied to derive full-fit tectonic
reconstructions for the Australia-Antarctica conjugate margin (Williams et al., 2011) and
conjugate margins of the South China Sea (Bai et al., 2015). Estimates of the total thickness and
variability of the crust is crucial for constructing crustal-scale gravity models because of the large
density contrast between crust and mantle rocks.

In this chapter, | develop a new 3D crustal model based on the integration of an extensive
GOM database of seismic reflection data, seismic refraction data, well data, and public-access
gravity and magnetic grids. This chapter uses a full-fit restoration of the extended continental crust
of the conjugate margins to estimate the pre-rift locations of the restored continent-ocean boundary
(RCOB) and more precise displacement paths for the continental blocks during Phases 1 and 2 of

the Mesozoic GOM opening history.
3.2 Tectonic setting

The formation of the GOM is associated with the breakup of Pangea during the late Triassic to
earliest Cretaceous (Salvador, 1987; Marton and Buffler, 1994; Bird et al., 2005; Nguyen and
Mann, 2015; Lin et al., 2019). The GOM is surrounded by several tectonic terranes of Precambrian
and Paleozoic age (Netto and Dunbar, 2019; Figure 3.1C). These terranes were juxtaposed and
deformed during several tectonic events that included the Precambrian Grenville orogeny, the
opening of the lapetus Ocean, multiple Appalachian orogenic episodes, and Mesozoic rifting that
led to the opening of the Atlantic Ocean (Klitgord and Schouten, 1986; Bajgain, 2011; Singleton,
2016).

The rocks underlying the southeastern United States and its coastal plain were deformed during

the Late Paleozoic Alleghenian orogeny that formed when Gondwana collided with Peri-
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Gondwana/Laurentia to form the Appalachian-Ouachita fold-thrust belt (Hatcher, 2002; Nance et
al., 2012) along a Late Paleozoic suture zone now marked by the Higgins-Zietz magnetic boundary
in the southeastern USA (Marzen et al., 2020).

GOM rifting began in the Late Triassic between the North and South American plates and the
intervening Yucatan continental block and was followed by late Jurassic seafloor spreading that
accompanied a 40° counterclockwise rotation of the Yucatan block (Salvador, 1987; Marton and
Buffler, 1994). Oceanic spreading separated a single large, late Jurassic salt basin into the Louann
salt basin in the US GOM and the Campeche salt basin in the Mexican GOM (Hudec et al., 2013;
Eddy et al., 2014; Nguyen and Mann, 2016; Steier and Mann, 2019; Lin et al., 2019Hudec and

Norton, 2019).

3.3 Methodology

3.3.1 Seismic data and basement mapping

A detailed map of the top of the crystalline basement is one of the critical components for
a 3D gravity inversion. This study creates a top basement map of the GOM across a 754,000 km?
area of the Florida and Mexico using 2D seismic reflection data that were pre-stack, depth-
converted in offshore Mexico and Florida (Figure 3.1b). To interpret the top of the basement, this
chapter integrates 2D seismic reflection data with 178 seismic refraction data points compiled from
the USGS earthquake database and published literature (Ewing et al., 1960; Cram, 1961; Antoine
and Ewing, 1963; Hales et al., 1970; Del Castillo G, 1974; lbrahim et al., 1981; Ibrahim and
Uchupi, 1982; Ebeniro et al., 1986; Nakamura 1988; Kim et al., 2000).

The top of oceanic crust is interpreted based on the oceanic crustal velocities of 4.44 to

5.70 km/s and the top of continental crust is interpreted based on continental velocities of 6.22 to
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6.88 km/s (Christensen and Mooney, 1995; White et al., 1992). Refraction data results were used
to interpret the top of crystalline basement in the continental domain because the seismic reflector
is commonly subtle or absent in the continental domain.

The top of the oceanic crust horizon on the reflection data is easily recognizable as a rugose
boundary with underlying chaotic reflectors that are overlain by coherent and stratified reflectors
of the overlying Paleozoic and Mesozoic sedimentary layers (Figure 3.1C). I integrated from
published maps of the top crystalline basement by Bayley and Muehlberger (1968), Laske et al.
(2013), Straume et al. (2019) in areas that were not covered by any other seismic reflection or
refraction data.

3.3.2 3D gravity modeling

For 3D gravity modeling, this study uses: 1) free-air gravity grid from Sandwell et al.
(2014) for the offshore area; 2) the Decade of North American Geology (DNAG) gravity grid that
was compiled by the National Oceanic and Atmospheric Administration for the onshore USA; and
3) the Earth Gravitational Model (EGM2008) from Pavlis et al. (2012) for onshore area of Mexico.

The 3D gravity model consists of four horizons that include: 1) a surface station, 2) a
merged topographic and bathymetric surface, 3) the top of the crystalline basement, and 4) the
Moho surface. The topographic data is from the public-access Terrain Base and the bathymetric
data is compiled from the high-resolution bathymetry from the Bureau of Ocean Energy
Management (BOEM) combined with Terrain Base. The top of the crystalline basement was from
seismic interpretation merged with published grids and the initial Moho surface was derived from
an Airy isostatic calculation from Blakely (1995):

dm= h(pt / Ap) +ds
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In this equation, all depths are in km and dm is the theoretical, isostatic Moho depth, h is
the topographic elevation, pt IS average crustal density, Ap is the density contrast between
crystalline crust and upper mantle, and ds is isobaric Moho depth at the coast (assumed to be 33
km as the start value for iterations).

The density of water, crystalline crust, and upper mantle used in this model were 1.03,
2.85, and 3.3 g/cm?, respectively. These values are consistent with the values used in a 3D gravity
model for the eastern GOM by Lin et al. (2019). The density of the sedimentary layer can be
approximated by a continuous function (Cordell, 1973). Therefore, this study uses an exponential
decay function (1) below that was derived from 45 wells along the coast with the depth in meters.

D= 2.7-0.65*exp (-0.0002*depth) 1)

Unconstrained inversion allows the inversion to modify the Moho surface freely; refraction
stations were then used to constrain the inversion process because the Moho surface movement is
restricted during the inversion by a constraining grid that limits this movement as a function of
control (refraction stations) proximity. While gravity inversion can produce a range of solutions, |
integrated seismic reflection, refraction, and well data to minimize this range. The forward
calculations prior to structural gravity inversion were performed using Seequent Oasis Montaj,
which was based on a frequency-domain. | used the Fourier transform of the gravitational anomaly
to calculate the gravity anomaly produced by the uneven layers as described by Parker (1973). The

one-dimensional expression of the sum of Fourier transforms is defined as:
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In this equation, F(Ag) is the Fourier transform of the gravity anomaly, G is the Newton’s
gravitational constant, p is the density contrast across the interface, k is the wave number, h(x) is
the depth to the interface and z, is the observing plane given by z=zo in Cartesian axes.

The gravity structural inversion schemes are based on unpublished algorithms developed
by Bill Pearson and implemented in the GM-SY'S 3D module.

The beta factors implied by the crustal thickness model are calculated from the equation
B=tcol/tCnow, Where tco is the thickness of unstretched crust and tcnow is the present-day crustal
thickness from gravity inversion.

3.3.3 Restoring the COBs

The reconstruction involves two steps: 1) performing a rigid reconstruction to close the
area of late Jurassic oceanic crust using the fracture zones visible on marine gravity images; and
2) performing a non-rigid reconstruction that takes into account the crustal extension during rifting.

In order to estimate the location of the previous un-rifted margin, several 2D crustal profiles
were extracted from the 3D crustal thickness model in order to estimate the areas of the extended,
conjugate margins. | assumed a pre-rift crustal thickness of 36 km, which is the average continental
crustal thickness of North America (Braile, 1989; Chulick and Mooney, 2002); I then calculated
the distance to the RCOB (Figure 3.2). The RCOB locations are used as inputs for the plate

reconstruction using GPlates software.
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Figure 3.2. 2D, northwest to southeast, cross-sectional profile A-A’ as taken from the 3D crustal
model. A) Location of the profile A-A' on the regional crustal thickness map. B) Present-day
crustal profile of the GOM from 3D gravity inversion showing its two rifted conjugate margins
with an area of late Jurassic oceanic crust in the center. C) Schematic cross-section of the pre-rift
GOM crustal structure based on the assumption of a pre-rift crust thickness of 36 km.
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The relative motion between North American plate, South American plate, and African
plate is taken from the GPlates global reconstructions as summarized by Matthews et al. (2016).
This study tests two different plate tectonic scenarios for the directions of plate motion of the
Yucatan block relative to North America and examines the overlap or underlap consequences of

both scenarios for the full-fit GOM reconstruction.

3.3.4 Euler poles for reconstruction

Nguyen and Mann (2016) mapped the fracture zones and calculated the rotation pole of the
Yucatan block during the seafloor spreading stage at ~160 Ma using marine satellite gravity data
from Sandwell et al. (2014). This chapter adopts the pole of rotation located in western Cuba
(84°W, 22.5°N) from Nguyen and Mann (2016) and uses it for rigid reconstructions. This chapter
calculates the small circle paths for the conjugate margins based on the finite rotation pole
generated in GPlates for the Jurassic-Cretaceous period from 160 Ma to 140 Ma.

For the continental rifting stage, this study uses two methods to estimate the rotation pole.
The first method is based on the work of Hellinger (1981), who fitted magnetic isochrons and
fracture zones by great circle segments, calculated the best fit rotation poles withina search matrix
(longitude and latitude matrix), and used a least-squares fitting method to minimize the weighted
least squares measure of the fit.

This study uses the RCOB from each conjugate margin of the GOM as inputs that are
analogous to using magnetic isochron picks that would carry the assumption that the GOM
continental rifting occurred synchronously - rather than diachronously from west to east as

proposed by Marton and Buffler (1999). This study also uses a method by Bird et al. (2007) which
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takes an input geographic seed location for the center of a scan matrix (latitude and longitude) and
a scan increment (in degrees) to search for the best-fit pole until a 90% confidence solution is

achieved.

3.4 Results and interpretation

3.4.1 Crustal structure of the GOM

The initial inversion-derived Moho surface result that was created without using constraints
from seismic refraction data is shown in Figure 3.3A. The calculations were iterated until the
setup parameter convergence limit of 1.0 mgal was achieved. The initial unconstrained inversion
of the initial Moho shows that the Moho elevation depth ranges from -48.2 kmto -10.4 km (Figure
3.3A). After the initial unconstrained Moho was determined, the compiled refraction data was

stitched to the modeled Maoho horizon.
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Figure 3.3. A) Moho surface of the GOM derived from an unconstrained 3-D gravity structural
inversion. B) Moho surface derived from constrained 3-D gravity structural inversion. The black
dots are refraction stations from compiled literature that were used for Moho corrections. The
COB is defined by the crustal thickness less than 10 km except in the NW GOM where the COB
is adjacent to a northeast-trending deeper Moho expression. The extinct spreading center and
fracture zones are compiled from Lin et al. (2019).
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The gravity inversion constrained by the seismic refraction data derived the Moho depth from
-46.4 km to -14.9 km (Figure 3.3B). The most significant difference between the unconstrained
inversion and constrained inversion results are most apparent in regions of younger oceanic crust
in the Caribbean Sea - such as the Yucatan basin and Cayman trough. The Moho near the Yucatan
Basin and the Cayman trough were adjusted upwards by the constrained inversion.

Crustal thickness was calculated by subtracting the basement from the inverted Moho. The
resulting crustal thickness varies from 6.6 km to 50.7 km (Figure 3.4). Four distinct crustal
domains are delineated from this crustal thickness mapping. Refraction profile GUMBO line 3 in
the northeastern GOM shows that the oceanic crust has an average thickness of 8.1 km with a
maximum thickness of > 10 km (Eddy et al., 2014). Therefore, the continent-ocean boundary
(COB) was defined for this study based on a crustal thickness of 10 km - except for the Bravo
trough area in the western GOM that is separated from the GOM oceanic crust by an area of thicker
crust known as the BAHA high (Hudec et al., 2013). I acknowledge the presence of the thin crust
to the northwest of the BAHA high, and for this study | adopt the conclusion from the GUMBO
experiment for that this area is thinned continental crust (Van Avendonk et al., 2015; Eddy et al.,

2018;).
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Figure 3.4 A) Uninterpreted crustal thickness map of the GOM derived from constrained 3-D
gravity structural inversion. B) Interpreted crustal thickness map showing four crustal provinces
discussed in the text.
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The oceanic crust that underlies the deep, central GOM has a crustal thickness of less than
10 km (Lin et al., 2019) (Figure 3.4). The thin transitional continental crust in the landward
directions shows the crustal thicknesses increase to 10-20 km. Thick transitional continental crust
occurs farther landwards with these thicker areas of crust varying from 20-36 km. Crust thicker
than 36 km is considered to be unstretched continental crust underlying the cratonic areas of the
plates. The crustal domain identification is consistent with thicknesses that were previously
identified for each of these crustal domains (Sawyer et al., 1991). The geometry of the basin shows
apparent asymmetry where the northern GOM margin extends in width over 1000 km in the north-
south direction - while the southern GOM margin only extends 600 km in north-south direction,
as seen on the regional cross-section shown in Figure 3.2B (Marton and Buffler, 1999).

To evaluate the 3D gravity inversion, the spatial distribution of the difference between the
calculated gravity response and the observed gravity data is shown in Figure 3.5A. The misfit
distribution is normally distributed without any significant systematic trends and shows a mean of
-0.85 mgal with a standard deviation of 14.6 mgal. A comparison between unconstrained inversion

and constrained inversion calculation results are shown in Table 1.

The highest misfit is located onshore Mexico (Figure 3.5C) that is understandable given the
complex density structures associated with the Cenozoic volcanic and orogenic activity in this
large, continental region. Comparison between Moho depths inverted from gravity and derived
from refraction data shows the root mean square difference between the two methods is 4.08 km

with an average difference of 3.12 km (Figure 3.5B).
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Figure 3.5. A) Map of the gravity inversion error grid shows the misfit between the calculated and
observed fields. The inversion error is low and uniform for most areas except for the area of
onshore Mexico. B) Crossplot of seismic Moho and gravity inverted Moho. Overall, the RMS
misfit is ~4 km. C) Misfit statistics of the error grid show the mean of misfit is -0.85 mgal and the
standard deviation is 14.6 mgal.
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Table 1. Comparison of misfit between calculated gravity response and observed gravity
response during unconstrained inversion and constrained inversion.

(mgal) Unconstrained inversion Constrained inversion
Minimum value -223.6 -180
Maximum value 615.44 250
Mean value 1.32 -0.85
Standard deviation 32.89 14.6
Median 0.6 -0.17
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A beta or stretch factor map is shown in Figure 3.6. This map highlights the variable amounts
of extension of different crustal domains along the approximate trends of those extended areas.
The Apalachicola rift, Tampa embayment, South Florida basin, and GOM marginal rift system all
show high stretch factors in the 4-5 range in the offshore region. The stretch factor varies from 1-
2 in the thick transitional continental crustal domain and 3-6 in the thin transitional continental

crustal domain.

The up-dip limit of salt from Rowan (2014) and Dooley et al. (2013) correlates with edges of
stretched continental crust except near the center of the Ouachita thrust front. This is consistent
with models for the salt forming in an unfaulted sag basin developed above rifts that formed during

the Triassic-Jurassic Phase 1rift phase (Eddy et al., 2014; Chapter 4, this dissertation).
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Figure 3.6. Map of beta or stretch factor () variations for the greater GOM region. Beta factor is
calculated from f =TcO/Tcnow — where TcO is the initial thickness of crust and Tcnow is the
present-day crustal thickness from gravity inversion. TcO is assumed to be 36 km based on
compiled data.
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3.4.2 Full-fit reconstruction of the GOM basin
The rigid reconstruction using the pole of rotation from Nguyen and Mann (2016) rotated the
Yucatan block counterclockwise through an angle of 43 degrees. In the late Jurassic (160 Ma), the
Yucatan block is restored to its relative position prior to seafloor spreading (Figures 3.7A and
3.9A). The RCOB location is estimated based on palinspastic restoration by assuming the volume

of the crust remains the same through the rifting process.
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Figure 3.7. A) Rigid reconstruction restoring the Yucatan block prior to seafloor spreading along
the oceanic fracture zones using a pole in NW Cuba from Nguyen and Mann (2016) with plate
motion overlay. B) Plate configuration achieved by a continuous clockwise rotation of the Yucatan
block following the same small circles. Yellow triangles are the restored COB (RCOB) on the US
GOM. Blue circles are the RCOB on the Yucatan side. The brown area shows the maximum
overlap between the Yucatan block and the South American plate is 319,323 km?. The shaded
area shows the minimum overlap between the Yucatan block and South American plate is 45,730
m2.
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This chapter tests two different scenarios for the displacement history of the Yucatan block.
The first scenario uses the same pole as the seafloor spreading pole of Nguyen and Mann (2016)
and continues rotating the Yucatan block clockwise until the early Triassic (200 Ma). The second
scenario translates the Yucatan block in a northwestward direction to account for the thinned crust
in that has been documented in offshore and onshore Texas and Louisiana (Eddy et al., 2014)
(Figure 3.6).

This chapter uses both present-day coastline geometry and the restored, pre-late Cretaceous,
South American plate boundary from Escalona et al. (2018), whose restoration of Cenozoic
deformation determined the amount of crustal attenuation and calculated a restored northern
margin of the South American plate that is 120 km inboard away from the present-day coastline.
Other pre-rift plate reconstruction models of the South America region, such as Pindell et al.
(2006), discussed the syn-rift Mesozoic extension of South American margin and its later Cenozoic
post-rift deformation but did not provide a quantitative amount for these deformations.

The result of rotating the Yucatan block clockwise is shown in Figure 3.7B. The North
American plate was kept fixed during this reconstruction and created a maximum overlap of
319,323 km? using the present-day South America coastline from Matthews et al. (2016) and a
minimum overlap of 45,730 km? between the Yucatan and South American plates using the South
American plate boundary that was restored 120 km southwards from Escalona et al. (2018) (Figure
3.7B). The result of restoring the Yucatan in the northwestward direction introduced a maximum
overlap with the South American plate of 48,941 km?, and the reconstruction of the northern
margin of the South American continental edge from Escalona et al. (2018) results in no overlap

(Figure 3.8) and therefore is favored as the best fit of the two tested scenarios.
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Figure 3.8. A) Rigid reconstruction restoring the Yucatan block prior to seafloor spreading along
the oceanic fracture zones using a pole in NW Cuba from Nguyen and Mann (2016) with plate
motion overlay. B) Plate configuration achieved by NW translation of the Yucatan block. Yellow
triangles are the RCOB on the US GOM. Blue circles are the RCOB on the Yucatan side. The
brown area shows the overlap between the Yucatan block and the South America plate is 48,941
km?. The red dashed line is the boundary for South America from 200 Ma-152 Ma, according to
Escalona et al. (2018). White lines connect the RCOBs with the same strike in the US GOM.
Dark red lines connect the RCOBs with the same strike in the Mexico GOM.
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3.5 Discussion

3.5.1 Underplating in the northeastern GOM inferred from reconstruction

The GUMBO profile 3 in the northeastern GOM shows high-velocity zones (7.2 km/s) in the
lower crust in the interval between 70 km and 270 km on the modeled cross section (Eddy et al.,
2014; Figure 3.9B). This high-velocity zone in the lower crust zone is interpreted to represent syn-
rift magmatic underplating of a mafic/gabbroic layer near the Moho during the Late Triassic-Early
Jurassic onset of rifting in the northeastern GOM (Eddy et al., 2014; Liu et al., 2019). It is
necessary to remove these magmatic additions to the crust prior to the full-fit reconstruction. The
area of the rifted margin would be decreased after subtracting the underplated material and
therefore, the distance that is required to restore the COB back to the RCOB location would be

increased if it is assumed that the original volume of continental crust is conserved.
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Figure 3.9. lllustration of the full-fit reconstruction by a northwestward motion of the Yucatan
block after taking into account the magmatic underplating in the areas of the eastern GOM. A)
Location of the GUMBO 3 profile in the northeastern GOM. B) Structure along the GUMBO 3
profile in the northeastern GOM from Eddy et al. (2014). The high-velocity zone outlined by the
green dash line in the lower crust is likely the result of crustal underplating. C) The RCOB misfit
distance was reduced by 39% after subtracting the effect of underplated crustal materials. The
orange triangle shows the new RCOB for the US margin of the GOM. The red dashed line is the
boundary for South America from 200 Ma-152 Ma according to plate reconstructions by Escalona
et al. (2018).
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To the southeast of the GUMBO profile 3, the high velocity lower crust zone that is greater
than 7.2 km/s was also observed along GUMBO profile 4 and was previously interpreted to be the
result of increased magmatic input during rifting (Christeson et al., 2014). The extracted profiles
from the 3D crustal model do not coincide with the GUMBO 4 profile location; therefore, the area
of underplated crust from the GUMBO 4 profile was not used in this study. The underplating area
was estimated and integrated into the palinspastic reconstruction and reduced the misfit between
the RCOB by 39 km (Figure 3.9C). Eddy et al. (2014) inferred the presence of an abnormally hot
geotherm along the GUMBO 3 profile and suggested that the mantle underwent higher than normal
temperatures during rifting in the northeastern GOM.

The elevated mantle temperatures inferred from CAMP-aged volcanics also exist in the South
Georgia rift basin and Suwannee terrane of Florida during the onset of continental rifting
(McBride, 1991; Heatherington and Mueller, 2003; Heffner et al., 2012; Eddy et al., 2014).
Alternatively, Bird et al. (2005) suggested a mantle plume occurred at ~ 160 Ma in the central

GOM, which could have provided an alternative source for the magmatic underplating.

3.5.2 Locating Euler Poles for the continental rifting stage of the GOM
Late Paleozoic arc volcanic rocks are in the Sabine uplift area of the northern GOM and pre-
Mesozoic plutonic rocks are present in the Wiggins uplift area and been proposed by Marton and
Buffler (1994) as evidence for a late Paleozoic rifting event in these areas. However, no magnetic
isochrons and fracture zones can be identified for this proposed early rifting phase.
This study uses the RCOB locations as magnetic isochron picks as a method to restore the
earliest inferred phase of rifting This assumption may or may not be valid, depending on whether

the rift propagated along the margin, such as in the Jurassic opening of the Atlantic Ocean (e.g.,
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Vink, 1982) or was synchronous along the entire margin. In addition, limited well data is available
from the rift zone to gain a good understanding of the timing and duration of the early phase rifting.
Therefore, the location of this Euler pole and reconstruction is an approximation of the pre-rift
kinematics.

Figure 3.9A shows the computed Euler pole locations based on the methods of Hellinger
(1981) and Bird et al. (2007) and using my definition of the conjugate segments. The westernmost
pair of RCOBs has a larger misfit and for this reason, my study excludes it for the pole calculation
using the method from Hellinger (1981). Because the method of Hellinger (1981) used great circle
arcs to fit the segmentation of the target line, the rest of the RCOBs from this study were grouped
into three segments based on their orientation (Figure 3.8). The results of the two methods are very
similar to each other with both predicted pole locations in the center of Africa. These pole
locations are similar to the pole location of Klitgord et al. (1984) who originally proposed that the
early GOM opening was associated with the breakup of the Pangea.

The pole for the non-rigid reconstruction from this study using the method by Hellinger (1981)
is located at 8.86°N, 27.8°W - with a rotation angle of ~6.4° (Figure 3.10). The pole using the
method by Bird et al. (2007) is at 11.11°N, 20.6°W - with a rotation angle of ~12° (Figure 3.9).

An uncertainty ellipse was calculated for each of the two methods (Figure 3.10A).
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Figure 3.10. Full-fit reconstruction pole locations based on the method by Hellinger (1981) and
Bird et al. (2007) that are marked as red and green stars, respectively. The red ellipse represents
the uncertainty of the pole position using the method of Hellinger (1981) and the green ellipse
represents uncertainty pole position using the method of Bird et al. (2007).
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The method of Hellinger (1981) results in a larger uncertainty in the longitude (small circle
direction) and the method by Bird et al. (2007) results in a larger uncertainty in the latitude (great
circle direction). Comparison of Euler poles for the continental rifting stage with previously
published non-rigid pole locations is shown in Figure 3.10B. The previously proposed poles were
located in the regions near the Atlantic Ocean. Large uncertainties for the non-rigid pole are caused
by only nine pairs of RCOBs that were calculated in the model with a lack of additional constraints
on the location of the RCOBs. The error estimates include the inherent bias in the data distribution
and the subjective choice of the appropriate conjugate segments of the RCOBs, which was
assumed as 5 km.

The calculated pole location from this study differs from previous studies due to different
assumptions and constraints. Here is a summary or how my results compare with the GOM
reconstructions by previous workers: 1) Dunbar and Sawyer (1987) computed an optimal Euler
pole using the distribution of oceanic crust by Ibrahim and Uchupi (1982) with a pole location at
33° N, 55°W (Figure 3.10B). In this case, the COB used during the reconstruction significantly
differs from what I used in this study. The COB from Ibrahim and Uchupi (1982) extends onshore
in the north-central GOM and bends to the west near the Middle Ground Arch in offshore Florida.
2) Pindell (1985) rotated the Yucatan block by 43 degrees counterclockwise away from the Texas-
Louisiana margin around a pole located in northern Florida at 29.74 N°, 80.36° W. Instead of an
NW-SE movement of the Yucatan block, Pindell (1985) translated the Yucatan along several
proposed transform faults that offset the Florida Strait Block in the eastern GOM to achieve the
fit. 3) Dunbar and Sawyer (1987) first integrated the amount of rotation accomplished through

crustal extension in a more north-south direction and seafloor spreading and calculated the Euler
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pole of the opening at 25°N, 79°W. 4) Klitgord and Schouten (1986) suggested the GOM basin
opened in the same direction and about the same Euler pole as the central Atlantic basin at 66.95°N,
12.02°W. Their reconstruction of the GOM assumed the transform faults from the Central Atlantic
Ocean extending into the GOM.

In summary, the location of these various poles from previous workers varies for two reasons:
1) the location of the COB varies between these models, and 2) the early stage opening direction
varies between the models. As discussed in section 3.4.1, the COB used in this study is from crustal
thickness that is based on the GUMBO refraction experiment (Van Avendonk et al., 2015; Eddy
et al., 2018). The northwestward translation of the Yucatan is inferred from the thinned continental

crust that is observed from the crustal thickness map in Figure 3.4B.

3.6 Conclusions

This chapter has utilized the 3D gravity inversion method to calculate the crustal thickness for
the Greater GOM region. This chapter has estimated the extent of stretched continental crust and
calculated the pre-rift location along the conjugate margins of the GOM. This chapter performed
a full-fit plate reconstruction by using palinspastic restoration. The Euler pole was derived from
fitting the RCOB locations and compared this reconstruction to those from previous workers.

Based on the crustal thickness distribution result from 3D gravity inversion, the crustal
province was divided into four domains: 1) full-thickness continental crust with crustal thickness
greater than 36 km and it is beyond the Marathon-Ouachita fold belt; 2) thick transitional

continental crust varying in thickness from 20-36 km beneath the coastal plains that border the
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GOM; 3) thin transitional continental crust from 10-20 km near the coast of the GOM, and 4)

oceanic crust in the central GOM that is less than 10 km in thickness.

The restoration and the full-fit reconstruction support the presence of rift-related, magmatic
underplating in the northeastern GOM. The initial NW-SE continental rift started at ~200 Ma
resulted in the thinning of the crust by the formation of an extensive graben system that continued

until the Late Jurassic (160 Ma) when the oceanic crust began to form in the center of the basin.
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CHAPTER 4: POTENTIAL FIELDS AND SEISMIC
STRATIGRAPHY OF THE MARGINAL RIFT SYSTEM ADJACENT
TO LATE JURASSIC OCEANIC CRUST OF THE DEEP-WATER
GULF OF MEXICO BASIN

4.1 Introduction

4.1.1. Previous work on the Mesozoic opening of the GOM
Previous workers in the Gulf of Mexico (GOM) have concluded from basin-wide compilations
of refraction-based, crustal thickness data (Nguyen and Mann, 2016), mapping and modeling of
marine satellite gravity data (Sandwell et al., 2014; Lin et al., 2019), and regional seismic
stratigraphic interpretations (Marton and Buffler, 1994; Snedden et al., 2014) that the Mesozoic
GOM basin formed during two distinct phases of Mesozoic rifting and oceanic crust formation

(Figure 4.1).
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Figure 4.1 a) Map of the Gulf of Mexico (GOM) showing its Jurassic marginal rift system
(outlined in black) adjacent to late Jurassic oceanic crust in the central GOM with the continent-
ocean boundary from Sandwell et al. (2014) shown as a thicker yellow line, oceanic spreading
ridges and fracture zones from Lin et al. (2019) shown as thinner, yellow lines, and West Main
Transform fault from Nguyen and Mann (2016) shown as a thinner, yellow dash line. Triassic-
Early Jurassic Phase 1 normal faults and rifts are interpreted from potential fields data and are
shown as the red lines and are crosscut by younger, normal faults of the GOM marginal rift system
shown by the black lines. Pink areas are the Louann salt in the northern (US) GOM and the
Campeche salt in the southern (Mexico) GOM with the thin, white line showing the updip limit of
Jurassic salt from Rowan (2014). The area of the Mexican Ridges (outlined in blue) lacks salt
deposition because it is underlain by the oceanic crust to the east and continental crust truncated
to the West Main Transform fault to the west. b) Free-air gravity map (Sandwell et al., 2014) with
previous refraction stations as compiled from Nguyen and Mann (2016) shown as white dots.
Numbers in parentheses next to the refraction station are the refraction-based depths in kilometers
to the top of the crystalline basement. The yellow line is the continent-ocean boundary (COB) as
mapped by Sandwell et al. (2014) using satellite gravity. Orange polygon is the location of the
southern seaward dipping reflectors (SDRs) from Liu et al. (2019).
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The first GOM opening phase (Phase 1) included late Triassic-northwest-southeast extension
during the breakup of the supercontinent Pangea but this early opening phase did not lead to
oceanic crust formation in the central GOM. Phase 1 rifting is characterized by northeast-trending
rifts that are deeply buried and best known from studies of potential fields and deep drilling in the
subsurface of the Florida Peninsula, Yucatan Platform, and Bahamas Platform (Erlich and Pindell,
2020) (Figure 4.1). These Phase 1 rifts are less known from the northern GOM and southeastern
USA, where the rifts are buried by 10-15 km of sedimentary rocks and salt deposits (Eddy et al.,
2014; Frederick et al., 2020). The gravity signal over some of these deeply-buried rifts includes
both elongate gravity anomaly highs and lows. The magnetic signal over these Phase 1 rifts
displays strong negative magnetic lows, and therefore it will require either deeply penetrative rifts
up to tens of kms in thickness or intrusions within the rift (Smith and Lord, 1997).

Frederick et al. (2020) noted that there is little direct evidence for rift control on the Triassic
Eagle Mills Formation in the northern GOM and that Triassic accommodation space was likely
inherited from late Paleozoic orogenic events. These orogenic-related accommodation spaces were
simply infilled by coarse-grained, Triassic continental sedimentation. In the previous Chapter 3,
| noted the large area of thinned continental crust (10-36 km) that extends from the offshore
northern GOM area to the Appalachian-Ouachita-Marathon Mountains and that can be
reconstructed by a northwest-southeast-oriented, Phase 1 rift event to its pre-rift, orogenic
thickness (36 km) (Figure 4.1). This reconstruction indicates that some of the large area of the
northern GOM may be in fact be underlain by rifts that have not yet been identified.

In other areas of thinner, sedimentary cover in the southern and eastern GOM, rifts with

northeast trends were identified that include a large rift along the northern margin of the Yucatan
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Peninsula (Salvador, 1987) and several rifts in the subsurface of the Florida Peninsula and
Bahamas Platform (Erlich and Pindell, 2021) (Figure 4.1). These rifts of inferred Late Triassic-
Early Jurassic age appear to have formed coevally with better studied and dated rifts of this age
that are exposed along the eastern margin of North America and on the Central Atlantic conjugate
margins in northwest Africa (Olson, 1997; Withjack et al., 2013; Boote and Knapp, 2016).
Klitgord and Schouten (1986) proposed that the GOM Phase 1 rifts formed about the same pole of
rotation between North America and northwest Africa as these Central Atlantic rifts (cf. Chapter
4 for a discussion).

Triassic-early Jurassic phase 1 northwest-to-southeast rifting was followed by the deposition
of a single, Louann-Campeche salt basin within the unfaulted sag basins that overlying these Phase
1 rifts. Although now separated into the US (Louann) and Mexican (Campeche) salt basins and
with the salt horizons remobilized locally by both gravitational and sedimentary loading effects,
this Louann-Campeche salt horizon forms a widespread, relatively short-lived (~11 Ma), and
distinctive stratigraphic marker across a large area of the GOM. Estimates by previous workers for
the age or Phase 1 rifting using various methods to range in age from Bajocian (170 Ma) to
Oxfordian (159 Ma) (Marton and Buffler, 1994; Pulham et al., 2019; Pindell et al., 2021) (Figure

4.2).
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Figure 4.2. Chronostratigraphic chart summarizing the lithology of the Yucatan platform and
northeastern GOM. The Yucatan and northeastern GOM conjugate margins share similar
stratigraphy during Phase 1 rifting (late Triassic-early Jurassic) and Phase 2 rifting (late Jurassic).
By the early Cretaceous the two conjugate margins were separated by late Jurassic oceanic crust
of the central GOM and the two rifted margins show different stratigraphic histories. The
stratigraphic information used to create the chart was compiled from Lin et al. (2018), Hudec and
Norton (2019), Steier and Mann (2019), and Kenning and Mann (2020).
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This two-phase rift history and stratigraphic timing have been incorporated into recent tectonic
models for the early opening of the GOM (Eddy et al., 2014; Nguyen and Mann, 2016; Erlich and
Pindell, 2020) and are consistent with the regional variations based on 3D gravity inversion and
reconstructions of the areas of thinned crustal thickness as described in Chapter 3 of this
dissertation (Figure 4.1). A corollary of this two-phase rift model is that the older, northeast-
trending Phase 1 rifts and their less faulted, overlying and salt-filled basin were crosscut by the
second phase of more north-south rifting and late Jurassic-early Cretaceous seafloor spreading that
accompanied a ~40 counterclockwise rotation of the Yucatan block (Marton and Buffler, 1994;
Nguyen and Mann, 2016).

Previous workers have identified potential zones of these younger Phase 2 rifts in basement
lows or “marginal rifts” or “outer marginal troughs” (Pindell et al., 2014) that are immediately
adjacent to the area of late Jurassic oceanic crust that underlies the deep, central GOM (Hudec et
al., 2013; Van Avendonk et al., 2015; Marton and Buffler, 2016; Liu et al., 2019; Rowan, 2020;
Kenning and Mann, 2021) (Figure 4.3a, b). As there are no direct age controls on these Phase 2
rifts, Pindell et al. (2016) inferred that the youngest oceanic crust of the central GOM is Tithonian-
Berriasian in age and that the oldest oceanic crust adjacent to the exhumed mantle and continental

margin is Oxfordian-Tithonian in age (Figure 4.3b).
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Figure 4.3. Previously proposed model adjacent to the COB. a) Model by Hudec et al. (2013)
showing the location of the continent-ocean boundary in the northern GOM as a “step-up fault”
that consists of a sloped inner (northern) ramp and an outer (southern) ramp with 1-4 km of total
vertical, “step-up” relief between the two ramps as indicated at the three locations on the map that
were studied by Hudec et al. (2013). The dashed blue line is the proposed location of the extinct
Jurassic spreading ridge of Hudec et al. (2013). New proposed COB from Hudec (personal
communication, 2021) as indicated by the dotted blue line. Salvador (1987) proposed a large, late
Triassic-early Jurassic rift in the location shown as a blue rift in the northern Yucatan margin.
Storey (2020) mapped the extent of two, contiguous Apalachicola rifts in the northeastern GOM
along with the Elbow rift to the southeast. b) Model by Pindell et al. (2016) for exhumed mantle
shown in pink and fringing the oceanic crust in the central GOM with their proposed COB shown
as the green. Green line is COB from Pindell et al. (2016). Orange polygons in the northern GOM
and Campeche are the magnetic anomaly highs from Pindell et al. (2016).
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A key element of the marginal rift concept is that an outer basement high exists seaward of the
rift to confine continental or marine sediments along this seaward edge of the rift; this same outer
high would form the landward edge of the late Jurassic oceanic crust. In the western GOM, Hudec
et al. (2013) observed a basement “step-up” feature or “inner ramp” and outer basement high and
the continent-ocean boundary (COB) with up to 4 km topographic relief on the basement (Figure
4.3a). The simplified extinct spreading center and fracture zones were proposed prior to the
improved spreading ridge location based on the Sandwell et al. (2014) marine gravity data shown
in Figure 4.1b.

Hudec et al. (2013) proposed the triangular area known as the Walker Ridge to be a continental
salient in the COB (Figure 4.3b). More recently, Hudec (personal communication, 2021) has stated
that he no longer supports the Walker Ridge as a continental salient and instead proposes that the
COB is located north of the Walker Ridge. Although the nomenclature for these features differs,
the ramp structures proposed by Hudec et al. (2013) agree with my interpretation of the marginal
rift and its outer high adjacent to the COB.

Marton and Buffler (2016) interpreted a seismic profile located in offshore Florida with a
distinct marginal rift present along the profile and Gomez et al. (2018) also identified a prominent
rift along the offshore Yucatan margin. The magnetic map in Figure 4.4 and discussed in detail
by Lin (2018) supports the idea that older, north-east-trending, Phase 1 rifts were cross-cut by
younger, more east-west-oriented rifts formed during Phase 2 GOM opening. This Phase 2
marginal rift displays an elongate magnetic low consistent with an elongate, sediment-filled rift
basin. The truncated Phase 1 rifts on the Yucatan Peninsula exhibit a 40° counterclockwise rotation

relative to the truncated rifts in Florida (Lin, 2018; Figure 4.4).
114



Figure 4.4. a) Total magnetic intensity map modified from Lin (2018) showing northeast-trending
Phase 1 rifts that interpreted from gravity and magnetic data and more east-west marginal rift
system as white lines and strike-slip faults as black dashed lines from Lin (2018). Note that Phase
1 rifts trend at a high angle and are crosscut by the younger marginal rift system formed as the
Yucatan block rotated counterclockwise relative to Florida and oceanic crust formed in the central
GOM. Key to abbreviations for tectonic features: AE = Apalachicola Embayment; MGA = Middle
Ground Arch; NTE = North Tampa Embayment; STE = South Tampa Embayment; SrA = Sarasota
Arch; SFB = South Florida Basin; SB = Suwanee Basin; CE = Celestun Embayment; RLA = Rio
Lagartos Arch; NRLB = North Rio Lagartos Basin; SRLB = South Rio Lagartos Basin; CA =
Chiquila Arch; CB = Chiquila Basin. b) Oxfordian (160 Ma) reconstruction of the GOM after
removing the oceanic crust through a clockwise rotation of the Yucatan block. Phase 1 rifts show
a good fit between the Yucatan and Florida conjugate margins except for minor strike-slip
displacements on the northwest-striking faults in the Florida area that are shown as dashed black
lines.
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4.1.2. Objectives and significance of this chapter

While most previous workers agree on the existence of individual marginal rifts in specific
areas around the oceanic crust of the GOM, there has been no previous systematic effort to show
that this marginal rift system forms a continuous and coeval rift system that coincides in age with
the Middle to Late Jurassic Phase 2 of GOM opening as proposed in the two-phase GOM opening
model summarized above (Figure 4.3a).

In this chapter, | integrate gravity and magnetic data with 12 regional and deep-penetrating
seismic reflection profiles from the margins of the US and Mexican GOM to show that the GOM
marginal rift system does, in fact, form a continuous, clastic-sediment-filled rift system over
hundreds of km along both the northern US GOM and the northern margin of the Yucatan
Peninsula in the Mexican GOM (Figure 4.3a). | use the seismic data itself combined with gravity
modeling to show that the marginal rift system is: 1) variable in its width and sedimentary
thickness; 2) uniformly expressed as an elongate gravity and magnetic low; 3) bounded by low-
angle normal faults (LANFs); and 4) overlies thinned, continental crust interpreted from gravity
modeling and from seismic refraction and reflection data.

In addition to the description of the structural and stratigraphic characteristics and
variability of the marginal rift system, | use 2D gravity modeling to test three different models for
the crustal structure and tectonic origin of the marginal rift. In chapter 3, | described a regional
crustal thickness map from 3D gravity inversion and proposed that the circum-GOM marginal rift
system formed during Phase 2 rifting above “necked” or thinned continental crust (Peron-
Pinvindic et al., 2019) and immediately prior to the formation of a late Jurassic spreading ridge.

Supporting evidence for this crustal structure and rift history includes GUMBO refraction profile
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1 that crosses the COB in the northwestern GOM and shows a decrease in the P wave velocity
from 6 to 5 km/s and was interpreted by Van Avendonk et al. (2015) as middle Jurassic rift
sedimentary fill that extends across the 30 km width of the rift.

Pindell et al. (2014), Curry et al. (2018), and Minguez et al. (2020) proposed an alternative
model for the formation of the marginal rift zone as a zone of serpentinized, sub-continental mantle
that was exhumed in the late Jurassic (167-159 Ma) as the footwall of a low-angle and landward-
dipping detachment fault (Figure 4.5b). Pindell et al. (2014) proposed that the elongate, basement
low was a mantle collapse feature that was partially filled with sediments, but was not a rift in the
normal sense of continental crust of the same composition being extended and infilled with
sediments (Figure 4.5b). Minguez et al. (2020) modeled the exhumed mantle in the EGOM with
potential fields and noted that the exhumed mantle area formed an elongate, gravity and magnetic
anomaly high that was consistent with the underlying material being serpentinized mantle. |
concluded in Chapter 3 that the marginal rift is expressed as an elongate, gravity and magnetic low

(Figure 4.1b).

118



Figure 4.5. Summary of three contrasting crustal models proposed for the crustal structure of the
continent-ocean transition that surrounds the late Jurassic oceanic crust of the central GOM. a) My
model based on my seismic stratigraphic and gravity study of the circum-GOM marginal rift
system proposes a semi-continuous, sediment-filled, circum-GOM rift system that overlies a
necked zone of continental crust that was stretched immediately prior to the formation of late
Jurassic oceanic crust. The circum-GOM marginal rift is bounded on both sides by uplifted blocks
of continental crust. b) Exhumed mantle model for the circum-GOM rifted margins as proposed
by Pindell et al. (2014), Curry et al. (2018), and Minguez et al. (2020). In this model, the mantle
is exhumed to the surface along a deeply penetrating, landward-dipping detachment fault. c)
Exhumed lower continental crust model proposed by Filina and Hartford (2021) for the circum-
GOM area in which the lower continental crust is exhumed to the surface along a landward-dipping
detachment fault. In my model in (a), | propose that this landward-dipping surface represents the
Moho at the base of a necked zone of continental crust. The inverted triangle indicates the location
of the COB.
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Filina and Hartford (2021) proposed a third crustal model and tectonic origin for the marginal
rift area of the Yucatan margin that consisted of the lower continental crust being exhumed along
a low-angle, landward-dipping detachment fault (Figure 4.5c). They also mapped a 430 km long
and 50 km wide belt of seaward-dipping reflectors (SDRs) adjacent to the marginal rift that
previous workers and myself in Chapter 3 of this dissertation had interpreted as a sedimentary
infill (Hudec and Norton, 2019). In this chapter, | describe in detail the main components of the
GOM marginal rift system and then address these widely differing tectonic models for its crustal
structure and tectonic origin.

4.2 Dataset and methodology

4.2.1 Seismic datasets used in this study

This study uses twelve (12) profiles from two 2D seismic reflection grids of pre-stack depth-
migrated (PSDM) data located in offshore Florida and the northern Yucatan margin. Four seismic
profiles from the DeepEast survey are located in the NE GOM and perpendicular to the shelf. The
DeepEast survey was acquired by TGS in 2007 with a shot interval of 37.5 m and a two-way time
record length of 13-14 seconds.

Eight (8) seismic profiles from the Yucatan Regional seismic grid are located in north of the
Yucatan platform with most lines running perpendicular to the margin. This dataset was acquired
by Spectrum in 2015 with a 15-second record length and were pre-stack depth migrated. Age
interpretations of top Jurassic and top Cretaceous were correlated from the northeastern GOM
based on Liu et al. (2019) and Lin et al. (2019). Age interpretations of the Cenozoic section are

from Kenning and Mann (2021).
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4.2.2 Gravity and magnetic datasets used in this study

Free-air gravity data from Sandwell et al. (2014) were used to develop integrated, 2D gravity
models. The reported accuracy of this global dataset is approximately 2 mgal (Sandwell et al.,
2014).

The magnetic data shown in Figure 4.4 is modified from Lin et al. (2019), who compiled the
magnetic data from shipboard data collected during the Deep East and Yucatan Regional seismic
surveys and from the compilation by Finn et al. (2001) that was completed for the The Decade of
North American Geology (DNAG) study. Magnetic data from these same sources were used to
better constrain the locations of the marginal rifts adjacent to the area of the late Jurassic oceanic
crust.

4.2.3 Two-dimensional forward gravity models

All gravity modeling was performed using Seequent’s GM-SYS with the calculations of
gravity response based on the method of Talwani et al. (1959) that approximates a two-dimensional
body with a polygon. Using this method, the vertical and horizontal components of the
gravitational attraction related to this polygon can be calculated at any given point. This method
assumes an xz system of coordinates, with z being positive downwards, © being the angle between
the positive x-axis to the positive z-axis. Given these parameters, the vertical component of

gravitational attraction V and the horizontal H can be expressed as

V= ZGpZZi
i=1
and
n
H = ZszXi
i=1
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GM-SYS profile modeling uses a 2D, flat Earth model for the gravity calculation with each
structural unit or block extending to infinity in the direction perpendicular to the profile. In this
section, | describe two, integrated, 2D subsurface models along two regional seismic profiles that
were acquired at right angles to the northern Yucatan margin (Figure 4.6).

The models extend from the shelf to the edge of oceanic crust in the central, deep-water area
of the GOM and are constrained by seismic reflection profiles for the underlying subsurface block
geometries. One nearby seismic refraction station from Ibrahim et al. (1981) constrains the depth
to basement. The gravity response was calculated based on the density value of each layer and
compared with the observed gravity data extracted along the modeled profile. The subsurface
layers were then adjusted to fit the constraints from the seismic reflection lines and refraction data.

4.2.4 Method used for structural restoring the Yucatan rifted margin

To better demonstrate the structural evolution of the study area, one, dip-directed cross-section
perpendicular to the Yucatan platform and modified from Kenning and Mann (2020) was
sequentially restored using Midland Valley MOVE software. The top horizon of each stratigraphic
unit was backstripped, each sedimentary interval was decompacted using the method of Sclater
and Christie (1980), and movements along major faults were restored.

Sedimentary properties, such as lithology and porosity, were assigned based on the
stratigraphic column shown in Figure 4.2 that was compiled from Lin et al. (2018), Hudec and
Norton (2019), Steier and Mann (2019), and Kenning and Mann (2020). After the rock type is
assigned, the porosity values are calculated based on default porosity for each rock type and a
depth coefficient that defines the rate at which porosity exponentially decreases with depth for a

defined rock type as described by Sclater and Christie (1980). The geometries of salt bodies were
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allowed to be modified passively through time by the surrounding sediments during the structural

restoration in order to account for salt movement in and out of the plane of the section.

4.3 Results of this study

4.3.1 2-dimensional gravity modeling of the marginal rift

2-D gravity model 1. The seismic profile used to constrain model 1 covers the necking,
distal, outer, and oceanic domains (Figure 4.6a) using the rifted, continental margin terminology
as proposed by Peron-Pinvidic et al. (2013) based on their modeling and observational studies of
other South and Central Atlantic rifted margins. 2D gravity model 1 is a 278-km-long, northwest
to southeast-trending, regional cross-section across the western Yucatan rifted margin (Figure

4.6C).
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Figure 4.6 a) Interpreted seismic profile along the section F-F’ on the western Yucatan margin
illustrating the crustal domains and structures and used to constrain a 2D gravity model along this
same line. b) Interpreted seismic profile along the section K-K’ on the eastern Yucatan platform,
illustrating the crustal domains and structure. Note the decrease in width and depth of the marginal
rift from the western line F-F’ shown in (a) and the eastern line K-K’ shown in (b). The eastward
decrease in width of the marginal rift is also shown on the maps in Figures 4.1a and 1b and is
linked to the eastern area being the narrower rift tip of the GOM rift system. Sedimentary nature
and age information for the rift fill of the western Yucatan margin is compiled from Kenning and
Mann (2020) based on their study of the Yucatan margin. c) 2D gravity model 1 across the western
Yucatan Platform along the seismic reflection line shown in Figure 4.6a. Black dots are the
observed free-air gravity data and the black line is the calculated gravity response from the 2D
gravity model. The observed and calculated signals are tied across the oceanic domain. d) 2D
gravity model 2 across the eastern Yucatan margin and along the seismic reflection line shown in
Figure 4.6b. One nearby seismic refraction station from Ibrahim et al. (1981) was projected onto
this profile and was used for constraining the depth to the top basement. e) Location map showing
the location of the two seismic profiles.
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Gravity model 1 consists of eight subsurface blocks and shows good agreement between
the calculated and measured gravity anomalies. The density inputs of the upper continental crust,
lower continental crust, oceanic layer 2, oceanic layer 3, and upper mantle used for these models
were assigned 2.78 g/cc, 2.92 glcc, 2.8 g/cc, 2.95 gl/cc, and 3.3 g/cc, respectively (Figure 4.6a).
The density of the upper continental crust is constrained by density measurements from DSDP
well 538A (Buffler et al., 1984). The density of the lower continental crust is assumed to be 2.92
g/cc following Carlson and Herrick (1990). The oceanic crust density and mantle density values
used are consistent with the previous model by Filina and Hartford (2021). These density values
are also consistent with previously published 2D gravity models on the conjugate margin in
offshore Florida from Liu et al. (2019). Since there is no density information for the 8-km-thick
sedimentary section, the density of sediments above the crystalline basement was modeled as 2.4
g/cc, which is the average value used for previous models for the conjugate margin of offshore
Florida by Liu et al. (2019).

The model shows the presence of the marginal rift located 38 km to 108 km along the
profile as shown in Figure 4.6a. The rift has an average width of 70 km and an average thickness
of 8 km. This segment of marginal rift system corresponds to an elongate gravity anomaly low and
is modeled with a density of 2.6 g/cc, which is a lower value compared to the surrounding crustal
material and suggests a volcaniclastic composition of the sedimentary fill. The thinned continental
crustal thickness varies from 8 km to 30 km along the profile (Figure 4.6c¢).

2D gravity model 2. Model 2 is perpendicular to the eastern Yucatan rifted margin and
includes the necking, distal, outer, and oceanic domains in the rifted, continental margin

terminology of Peron-Pinvidic et al. (2013) (Figure 4.6e). Model 2 is a 220-km-long, northwest-
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southeast-oriented regional cross-section on the eastern Yucatan platform (Figure 4.6d). This
model consists of eight subsurface blocks that show good agreement between the calculated
gravity measured gravity anomaly. The density values used for model 2 are consistent the values
used for gravity model 1 as shown in Figure 4.6d.

This segment of the marginal rift is located between 40 km and 70 km along the modeled
transect and exhibits a width of 30 km and a sedimentary thickness of 2 km. The 4.1 km depth of

the basement was constrained from a nearby seismic refraction station by Ibrahim et al. (1981).

4.3.2 Marginal rift system of the GOM formed along low-angle normal faults

On non-volcanic rifted margins, the marginal rift commonly overlies the necking domain,
where the crustal thickness can abruptly thin from 30 km to less than 10 km along generally low-
angle normal faults with dips less than 30° that bound full- and half-grabens (Peron-Pinvindic and
Mantaschal, 2009). Morley (2014) defines a LANF as a normal fault with a dip range of <35° at
the time of rift initiation. In this section, | describe marginal rifts bounded by low-angle normal
faults (LANFs) along the conjugate margins of the northeastern GOM and the Yucatan GOM.

The age interpretations of both rifted margins are provided in the same published papers as
those listed above for the Yucatan margin. I compare the differing beta factors of these two
conjugate margins that vary from 2-6 based on the 3D crustal model described in Chapter 3 of this
dissertation.

Description of the marginal rift zone of the northeastern GOM. Transect A-A’ is a regional
dip line that is oriented northeast-southwest across the northeastern GOM (Figure 4.7a and 4.7b).
Post-salt structures are deformed by vertical salt diapirism likely related to sediment loading and

gravity sliding along an inclined basal salt detachment. Several Callovian salt rollers were
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interpreted along the detachment in the up-dip direction and have been described in greater detail
by Steier and Mann (2019).

The sedimentary thickness in the marginal rift locally exceeds 10 km along transect A-A’.
Under the basal salt detachment, the marginal rift is located near the seaward limit of thinned
continental crust and is 70 km wide, contains an average thickness of 6 km of sedimentary fill, and
exhibits an outer basement high of presumed continental crust that is directly adjacent to oldest,

late Jurassic oceanic crust in the central GOM (Figure 4.7d).
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Figure 4.7 Seismic examples on the NE GOM. a) Uninterpreted seismic reflection line A-A’
across the marginal rift in the northeastern GOM. b) Interpreted seismic reflection line A-A’. The
purple color shows the inferred sedimentary fill with the marginal rift and the pink color are
Jurassic salt deposits that were mainly concentrated in the post-marginal rift sag basin. The true
dip angles of the landward-dipping and low-angle normal fault range from 10°-20°. c)
Uninterpreted seismic example of the marginal rift along B-B’ in the northeastern GOM. d)
Interpreted seismic reflection line B-B’. An outer basement high is present and is inferred to be
continental crust based on the 2D gravity model. e) Location map showing the location of the
two seismic profiles. f) Previously published 2D gravity model along the full-length profile of the
A-A’ from Liu et al. (2019) and modeled the density of the sedimentary fill of the marginal rift as
2.6 g/cc. g) Previously published 2D gravity model along the full-length profile of the B-B’ from
Liu et al. (2019).
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On the Yucatan margin, large, vertical salt diapirs are confined within the fault-bounded
interior of the underlying marginal rift (Kenning and Mann, 2021). Faulting within the marginal
rift includes both landward-dipping and basinward-dipping normal faults as seen along A-A’ and
B-B’ (Figure 4.7b, d). Sediments are elevated on the outer basement high that separates the
continental and oceanic crust. The landward-dipping fault of the marginal rift has a dip angle of
20° and is classified as a low-angle normal fault (LANF) (Morley, 2014).

Transect B-B’ is a regional dip line that is oriented northeast-southwest (Figure 4.7c, d). This
line shows less vertical salt diapirism and slide structures along the inclined basal salt detachment
within the Mesozoic as seen on transect A-A'. This marginal rift is 60 km wide with a thickness of
5 km and with most of its seismic reflectors dipping landward. The landward dipping normal fault
has a dip of 10°. No SDRs or other evidence for magmatism is observed in this area. In contrast to
this southern GOM margin, in Chapter 2 | described an SDR outside of the marginal rift with an
inferred pre-rift age of late Triassic (Figure 2.5) This pre-rift SDR is less than 10 km in thickness
and localized and does not appear to have any equivalent SDR on the southern GOM rifted margin
on the Yucatan Peninsula.

In the northeastern GOM, the dip-oriented transect C-C’ (Figure 4.8a and 4.8b) shows a much
smaller marginal rift with a width of 30 km and thickness of 3 km. Although the base of salt is not
well imaged on the seismic data, strata deformed by remobilized salt are observed near the shelf

area above the marginal rift. The main landward-dipping LANF dips at an angle of 15°.
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Figure 4.8. a) Uninterpreted seismic reflection line C-C’ across the marginal rift in the
northeastern GOM. b) Interpreted seismic reflection line C-C’. The purple color shows the inferred
sedimentary fill with the marginal rift and the pink color are Jurassic salt deposits that were mainly
concentrated in the less faulted sag basin that overlies the marginal rift. The true dip angles of
both normal faults are 15°. ¢) Uninterpreted seismic example of the marginal rift along D-D’ in
the northeastern GOM. d) Interpreted seismic reflection line D-D’. e) Location map showing the
location of the two seismic profiles.
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In the eastern part of the northeastern GOM, there is no clear salt bodies observed on transect
D-D’ (Figure 4.8¢c and 4.8d). A prominent outer basement high bounds the marginal rift in the
basinward direction. Sub-horizontal and high-amplitude seismic reflectors are interpreted as
sedimentary strata that infill the marginal rift (Figure 8d). The marginal rift has a much smaller
width of 25 km and a sedimentary thickness of 3 km than other marginal rifts of the north-central
GOM. The dip angle of the main landward LANF is 15°.

Description of the marginal rift zone of the northeastern Yucatan margin. Transect E-E’
(Figure 4.9a and 4.9b) is located on the westernmost margin of the northern Yucatan Peninsula
(Figure 4.9¢e). The marginal rift has a width of 50 km and a sedimentary thickness of 6 km. The
landward-dipping LANF exhibits a fault dip angle of 30°. The upper section of sedimentary fill in
marginal rift shows horizontal to sub-horizontal reflectors interpreted as sedimentary infill of the
rift. Similar to the northeastern GOM, remobilized salt bodies are present as both salt diapirs and
as rollovers produced by gravity sliding along a basal salt detachment (Steier and Mann, 2019).
The detachment surface is relatively smooth compared to similar surfaces observed in the

northeastern GOM.
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Figure 4.9. a) Uninterpreted seismic reflection line E-E’ across the marginal rift in the
northeastern GOM. b) Interpreted seismic reflection line E-E’. The purple color shows the inferred
sedimentary fill with the marginal rift and the pink color are Jurassic salt deposits that were mainly
concentrated in the less faulted sag basin that overlies the marginal rift. The dip angles of both
normal faults are 30° and 25°. The beta factor measured by the ratio of initial crustal
thickness/thinned crustal thickness is high (~5) for line E-E’. c¢) Uninterpreted seismic example
of the marginal rift along F-F’ in the northeastern GOM. d) Interpreted seismic reflection line F-
F’. e) Location map showing the location of the two seismic profiles.
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Transect F-F’ is a regional dip line showing a marginal rift with a width of 100 km and a
sedimentary thickness of 5 km (Figure 4.9c and 4.9d). The dip angle of the landward-dipping
normal fault dip is 25°. High-amplitude seismic reflectors dipping in the landward direction within
the marginal rift are interpreted either as isolated volcanic flows or as a paleo-shelf break
developed in sedimentary rocks.

Transect G-G’ is a regional dip line showing prominent salt diapirs that are up to 7 km in
width. The salt bodies deform the Mesozoic section and form a mini-basin (Figure 4.10b). Strata
in the landward direction are clearly offset by normal faults associated with crustal necking in the
underlying, pre-salt section. The marginal rift has a width of 25 km and a sedimentary thickness

of 4 km. A landward-dipping LANF exhibits a fault dip angle of 20°.
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Figure 4.10. a) Uninterpreted seismic reflection line G-G’ across the marginal rift across the
western Yucatan margin. b) Interpreted seismic reflection line G-G’. The purple color shows the
inferred sedimentary fill with the marginal rift and the pink color are Jurassic salt deposits that
were mainly concentrated in less faulted sag basin that overlies the marginal rift. The dip angles
of both normal faults are 20° and 10°. c) Uninterpreted seismic example of the marginal rift along
H-H’ on the western Yucatan margin. d) Interpreted seismic reflection line H-H’. e) Location map
showing the location of the two seismic profiles.
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Transect H-H’ is a regional dip line that shows that the marginal rift has a width of 50 km and
a sedimentary thickness of 3 km (Figure 4.10c, d). Similar to transect G-G’, the pre-salt section is
offset by landward-dipping normal faults that formed during crustal thinning. The landward-
dipping LANF dip angle is 10°.

Transect I-I” is a regional dip line that shows a decrease in salt volume (Figure 4.11a, b). The
marginal rift is 50 km long with a 5 km thick sedimentary section with discontinuous parallel to
semi-parallel reflections present beneath the basal salt detachment. The landward dipping LANF

dips 16° to the southeast.
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Figure 4.11. a) Uninterpreted seismic reflection line I-I” across the marginal rift across the western
Yucatan margin. b) Interpreted seismic reflection line I-I". The purple color shows the sedimentary
fill with the marginal rift and the pink color are Jurassic salt deposits that were mainly concentrated
in the less faulted sag basin that overlies the marginal rift. The dip angles of both normal faults
are 16° and 15°. ¢) Uninterpreted seismic example of the marginal rift along J-J* on the western
Yucatan margin. d) Interpreted seismic reflection line J-J°. e) Location map showing the location
of the two seismic profiles.
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Transect J-J” is a regional dip line that crosses the northern Yucatan margin (Figure 4.11e).
The size of the marginal rift is significantly smaller that rift segments to the west and exhibits a
width of 8 km and a sedimentary thickness of 1 km. The landward-dipping LANF dips at an angle
of 15°.

Transect K-K’ shows no evidence of salt within or overlying the marginal rift (Figure 4.12a
and b). Clear seismic reflections inferred as sedimentary layering within the marginal rift are

observed. The marginal rift has a width of 7 km and thickness up to 5 km.
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Figure 4.12. a) Uninterpreted seismic reflection line K-K’ across the marginal rift across the
eastern Yucatan margin. b) Interpreted seismic reflection line K-K’. The purple color shows the
sedimentary fill with the marginal rift and the pink color are Jurassic salt deposits that were mainly
concentrated in the less faulted sag basin that overlies the marginal rift. The dip angles of both
normal faults are 17° and 14°. c) Uninterpreted seismic example of the marginal rift along L-L’
on the eastern Yucatan margin. d) Interpreted seismic reflection line J-J°. e) Location map showing
the location of the two seismic profiles.
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Transect L- L’ is a dip line near the edge of the northern Yucatan margin and shows the
marginal rift with a width of 12 km and thickness of 3 km. The landward-dipping LANF has a dip
angle of 14°. Horizontal discontinuous, post-rift seismic reflectors are interpreted along the profile

suggest this area has remained relatively structurally quiescent following the rifting event.

4.3.3. Salt accumulation in a sag basin in the marginal rift area and its age of
deposition
A regional dip-oriented profile along G-G’ (Figure 4.10a) is located in the northeast Yucatan
margin and shows the presence of large salt diapirs and salt rollers in the up-dip direction (Figure
4.13). The age interpretations along this line were compiled from Kenning and Mann (2021). The
normal faults deforming the younger Oligocene and Miocene sections are thin-skinned, gravity-
controlled faults with minor fault offsets. Salt diapirs extend vertically to the seafloor and are
concentrated in a post-rift sag basin that overlies the marginal rift. As there is no apparent salt that
extends deeper into the basal part of the rift, I infer that the age of the salt-filled sag basin to be
post-rift. As there are no direct age constraints on either the syn-rift or post-rift sag basin, Pindell
et al. (2020) has proposed that the age of the salt ranges over a period of 11 Ma from Bajocian

(170 Ma) to Oxfordian (159 Ma).
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Figure 4.13. Sequential structural restoration using MOVE software for seismic profile along G-
G’ shown in Figure 4.10 for horizons from the top Triassic (H) to present-day (A). The extension
of marginal rift shown in purple and its overlying sag basin provided local accommodation space
for mainly post-rift salt deposition. Late Jurassic oceanic crust is shown in blue and thinned
continental crust is shown in grey. A. Present-day passive margin period. B. Top Miocene passive
margin period. C. Top Oligocene. D. Top Mid-Eocene passive margin period. E. Top Paleocene
passive margin period. F. Top Cretaceous passive margin period. G. Top Jurassic post-rift period.
H. Top Triassic pre-rift period. See text for discussion.
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This proposed Bajocian-Oxfordian (170-159 Ma) age for the salt and the inferred age of the
oceanic crust beneath the central GOM of Tithonian (150-137 Ma) by (Snedden et al., 2014) would
mean would there was a 9 Ma lag between the end of rifting and the initiation of oceanic spreading.
This discrepancy may indicate an error in the age estimates for either the age or rifting or the age
of oceanic crust or both.

Miocene strata exhibit significant thickness variations near the diapirs above the marginal rift,
suggesting that most salt remobilization occurred as the result of sediment loading during the
Miocene that is generally attributed to the formation and growth of the Mississippi deep-sea fan
during this period (Hudec et al., 2019; Steier and Mann, 2019). Most of the Cenozoic section is
relatively undeformed except the distal zone associated with the growth of salt diapirs. Small-
offset and thin-skinned normal faults are present throughout the Cenozoic section and dip both
landward and basinward.

The development of salt rollers occurs within the Mesozoic section and are associated with
substantial wedge geometries within the post-salt Jurassic section and overlying Cretaceous
section (Figure 4.13). These growth strata indicate that the down-dip translation and extensional
faulting began in the late Jurassic and continued through the Cretaceous as observed for salt rollers
in both the northern and southern GOM (Pilcher et al., 2014; Steier and Mann, 2019).

Although uncertainty exists when restoring the salt as salt flows in a three-dimensional
direction as diapirs can widen or narrow during extension and contraction, the restoration in Figure
4.13 provides a possible interpretation for the marginal evolution. During the Jurassic, salt was
deposited in the topographic lows of the sag basin formed above Phase 1 rifts and salt in the more

up-dip locations of the sag basin began sliding into the lower-lying marginal rift area.
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There are two previous explanations for the thicker salt layer in the area overlying the marginal
rift. Similar to my interpretation presented in this chapter, Rowan (2018) suggested a high-relief
salt deposition model where salt deposition occurred in a post-rift sag setting within a restricted
and barred basin 2 to 3 km below sea level. A contrasting model by Pindell et al. (2014) proposed
that the salt was deposited in a low-relief setting near sea level but then subsided instantaneously

up to 3 km during rifting and rapid collapse of the underlying mantle.

4.4 Discussion

4.4.1 Summary of major characteristics of the GOM marginal rift system
In this chapter, | integrated gravity and magnetic data with 12 regional and deep-

penetrating, seismic reflection profiles from the margins of the US and Mexican GOM to show
that the GOM marginal rift system forms a 378-km-long, continuous zone along the northern US
GOM and a 678-km-long, zone along the northern margin of the Yucatan Peninsula in the Mexican
GOM (Figure 4.1).

Characteristics of the marginal rift system include: 1) the marginal rifts form an elongate,
circum-GOM zone of full-grabens or half-grabens that likely extend westward for hundreds of
kms under the Louann salt body in the US GOM; the progressive disappearance of the marginal
rifts to the southeast in west-central Florida and eastern Yucatan reflects minimal extension and
necking of the continental crust near the GOM pole of rigid phase opening; 2) marginal rifts vary
from 25-55 km in width and vary from 1-9 km in sedimentary thickness; 3) marginal rifts overlie
necked continental crust that ranges in thickness from 6-10 km as estimated from gravity modeling
and from seismic refraction and reflection data; the marginal rifts are bounded by low-angle,

normal faults (LANFs) that vary in dip from 10-30°; 4) marginal rifts form elongate and
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continuous gravity and magnetic lows; 5) quantitative, plate restorations using oceanic fracture
zones realign the eastern endpoints of the MRS on both conjugate margins within an error of 20
km; 6); the age of marginal rifting pre-dates the deposition of the widespread Louann-Campeche
salt layer that was deposited in unfaulted sag basins and is inferred from previous work by Pindell
et al. (2020) to range in age from Bajocian (170 Ma) to Oxfordian (159 Ma); and 8) the age of
central GOM oceanic crust pre-dates the formation of the salt layer and is estimated from Tithonian
(150 Ma) to Berriasian (137 Ma) by Snedden et al. (2014) and from Oxfordian (159 Ma) to

Berriasian (139 Ma) by Pindell et al. (2016).

4.4.2 Marginal rift analogs in the South China Sea, Brazil, Norway, and Angola
Figure 4.14 provides four, proposed analogs of marginal rifts identified on the rifted
margins of the South China Sea, Brazil, Norway. All four of these rifts are proposed as similar

structural and crustal analogs to the marginal rifts that | have described from the GOM.

South China Sea. A seismic reflection line from Franke et al. (2011) crosses the Palawan
shelf and slope of the eastern rifted margin of the South China Sea basin and shows a marginal rift
overlying the necked zone of continental crust adjacent to oceanic crust (Figure 4.14a). An inner
and outer rift basins are present and separated by a structural high formed as a horst block of either
volcanic material (Schluter et al., 1996) - or alternatively, rifted continental crust with minor
magmatic additions as the magnetic data show a small scale, high-frequency pattern that is typical

for a continental crust (Franke et al., 2011).
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Figure 4.14. Proposed analogs for other marginal rifts outside of the GOM in the South China
Sea and Brazil. a) Seismic profile on the non-volcanic, rifted southeastern margin of the South
China Sea modified from Franke et al. (2011) that shows a 40-km-wide marginal rift within the
necked zone of continental crust bounded by an outer structural high and an inner structural high.
Seismic refraction from Franke et al. (2011) confirms that the crustal types of both highs is thinned
continental crust. Map of South China Sea with line location in C. b) Seismic profile of the rifted
continental margin of Brazil beneath the Espirito Santos basin modified from Mohriak (2019) that
shows a 30-km-wide marginal rift bounded by Precambrian crust along its landward edge and an
outer high of possible volcanic origin or intruded, continental crust along its outer edge. Map of
Brazilian margin with line location in D. ¢) Line drawing example of the rifted Mid-Norwegian
margin from Peron-Pinvidic and Osmundsen (2016). d) Sketched regional seismic transection
across the central Kwanza basin from Kukla et al., (2018). e) Location map of seismic profile A-
A’ in the South China Sea. f) Location map of seismic profile B-B’ in Espirito Santos basin of
Brazil. g) Location map of the seismic profile C-C’ in offshore Norway. h) Location map of
schematic transect D-D’ in central Kwanza Basin .
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The outer rift basin, similar to the marginal rift, has a width of 50 km and 1 second (TWT)
of sedimentary rocks. The 2D gravity model along this profile by Franke et al. (2011) modeled
the outer rift basin fill with a density of 2.6 g/cc, consistent with the value for the marginal rift in
the GOM. The syn-rift sediments are restricted to a few local basins bounded by large, normal
faults.

Brazil. A regional seismic profile (Figure 4.14b) from Mohriak (2019) across the Espirito
Santo Basin of the rifted margin of offshore Brazil images the necking of full-thickness,
continental crust beneath the platform, across an area of thinned, continental crust to oceanic crust
beyond the seaward limit of salt (Figure 4.14d). The Aptian salts slide downslope along an inclined
basal salt detachment with salt rollers present in the up-dip direction. Salt mobilization includes
salt diapirs in the distal zone with extrusion of salt over the structure high adjacent to oceanic crust.

Angola. The marginal rift in this region bounded by the outer high to the basinward has a
width of 40 km and syn-rift sedimentary fill is up to 3s (TWT). The nature of the structural high
observed between the marginal rift and the oceanic crust has been proposed as both continental
and oceanic in origin (Kukla et al., 2018; Figure 4.14d). Mobhriak et al. (2008) analyzed potential
field data and suggested this structural high corresponds to the volcanic basement high formed
after the rifting phase.

Norway. A thickly sedimented marginal rift is observed in this segment of the Norwegian
rifted margin (Figure 4.14c). Peron-Pinvidic and Osmundsen (2016) suggest the outer basement
high is underlain by hyperextended crustal material and has acted as a tilted fault block that

confines the marginal rift.
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4.4.3. Low-angle normal fault (LANF) analogs from areas outside of the GOM

Several examples of large low-angle normal faults (LANF) have been studied in active and
ancient rift settings worldwide (Morley, 2014). Syn-rift clastic and volcaniclastic sedimentary
units associated with LANFs are generally found to thicken toward the border fault and display a
progressive decrease in dip upsection with coarser-grained facies immediately adjacent to the
border-fault system (Schlische et al., 2003). One previous explanation for LANFs is that they
form as high-angle normal faults and are later rotated by later extensional events into low-angle
normal faults (Buck, 1988; Morley, 2009). My interpretation is that the necked zone of continental
crust that is extended in the period immediately prior to full continental rupture and the formation
of an oceanic spreading ridge (Peron-Pivinidic et al., 2016) would be an ideal setting for LANFs
to form. Therefore, these LANFs may require onlay a single phase of extension to form rather
than multiple events as proposed by Buck (1988) and Morley (2009).

This chapter measured and documented the low-angle landward normal fault dip angles in
the GOM to compare with the LANFs previously studied in onshore Thailand, East Africa Rift,
and the Atlantic margin (Figure 4.15). Taking into account the variable length and size of the

LANFs, I plotted the dip angles for each fault studied (Figure 4.15f).

The dips of LANFs range from the lowest dips of 10° in the GOM and Orphan Basin in
offshore Canada to the highest dips of 45 ° in onshore Thailand (Figure 4.15). The regional dip
profile of the Orphan basin is located offshore Canada where the northwest-dipping, low-angle
detachments offset the base of Mesozoic strata and fault dip was measured from the original
seismic profile from Cawood et al. (2021) (Figure 4.15a). The fault dip varies more significantly

along the northwestern end of the fault as compared to the southeastern end of the fault.
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Figure 4.15. a) Comparison of the along strike variations in the fault dip angle of low-angle normal
faults (LANFs) of the GOM compared to rift systems in other areas of thinned continental crust
that are bounded by LANFs in Canada, Thailand, Atlantic margin of the eastern USA, the
Apalachicola rift in the northeastern GOM, and the East Africa rift. Location of the seismic profile
showing Mesozoic LANFs in the Orphan basin offshore Canada (Sharma et al., 2021). b) Location
of the active, western boundary LANF of the Phitsanulok basin in Thailand (Morley, 2009). c)
Location of Jurassic LANFs in the Apalachicola Rift (AR) in the northeastern GOM (Storey, 2020)
and the circum-GOM marginal rift described in this chapter. d) Location of active LANF bounding
the Lokichar basin of East Africa Rift (Morley, 1999). e) Locations of cross-sections of Triassic
LANFs along the Atlantic margin of the eastern USA that include the Jedburg, Taylorsville, and
Fundy rifts as described by Schlische et al. (2002).
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The dip of the western boundary fault (Figure 4.15b) changes along strike from south to
north in the Phitsanulok Basin of onshore Thailand as measured by Morley (2009). The
Apalachicola rift (AR) located in the northeastern GOM that was imaged on several seismic
reflection profiles presented by Storey (2020) and show that these LANFs range in dip from 16°
to 33°. The Lokichar basin in East Africa Rift displays low-angle normal fault dips that range from
21° to 40°. More examples of LANFs along the Mesozoic rifted margin of eastern North America,
include the Jedburg, Taylorsville, and Fundy rifts as described by Schlische et al. (2002).

The LANF dip angles of marginal rifts range from 10° to 30° (Figure 4.15f). The range of
the fault dips from the GOM marginal rifts is within the dip range of the other LANFs described
above. Morley (2009) interpreted that the low-angle dips in Thailand appear to follow preexisting
low-angle fabrics, such as thrusts, shear zones, and other low-angle ductile foliations (Figure
4.15b). In the Phitsanulok Basin, the fault dip angle is higher to the south adjacent to the Mae Ping
transfer fault zone compared to the north along strike (Figure 4.15b).

Similarities could be observed from these low-angle normal faults of Asia with those along
the Atlantic margin and the GOM. For example, the Mesozoic Orphan Basin, Jedburg, Fundy, and
Taylorsville rifts along with other marginal rifts of the GOM all show similar ranges of LANF
fault dips that are relatively lower (15°-25°) than the active LANFs of onshore Thailand (20°-45°)

and East Africa Rift (15°-40°).

4.4.4. Change in width of the rift zone and beta factor in response to changes in the
orientation of basement structural grain

Reuber and Mann (2019) compiled beta factors from rifts along passive margins and used
these data to propose that lower beta factor rifts are common to areas where the rift propagates

parallel to the weak structural grain inherited from previous orogenic events. In this fabric-parallel
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rift setting, the resulting rift zone is narrow and the observed amount of crustal stretching is low
because the crust requires less extension to fully rupture the continental crust and initiate oceanic
spreading.

In contrast, higher beta factor rifts and wider zones of rifting are common to areas where
the rift propagates at right angles to a stronger grain inherited from previous orogenic events. In
this fabric-orthogonal situation, the rift zone is much wider and the observed amount of crustal
stretching is higher because the continental crust requires much more extension to fully rupture
and initiate oceanic spreading.

In Figures 16a and b, 1 used the crustal thickness map from Chapter 3 to remove the late
Jurassic oceanic crust from the center of the GOM basin and realign the pre-Phase 2 oceanic
features. Higher beta factors cluster in the northeast GOM and eastern Yucatan conjugate margins
and tend to be roughly similar on both conjugates as might be predicted using the Reuber and
Mann (2019) model based on the orientations of orogenic, basement fabrics (Fig. 4.16¢ and d).
The marginal rift disappears as the rift was propagating to the southeast and normal fault

displacements progressively decrease in that direction.

Following the Reuber and Mann (2019) model, the explanation for higher beta factors in
this area of the eastern GOM is explained by the orthogonal orientation of the southeastward rift
propagation direction relative to the northeast-trending basement fabrics as expressed on the
magnetic map in Figure 4.5. The resulting trend of the crustal fabrics at a high angle to the
direction that the rift was propagating requires more extension and extension to fully rupture the
continental crust and may have ultimately led the GOM rift to stop propagating southeastwards

into this area to the northwest of Cuba.
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Figure 4.16. a) Crustal thickness map that was developed and discussed in detail in Chapter 3 of
this dissertation. b) Crustal thickness map overlay on late Jurassic reconstruction at 160 Ma by
removing the oceanic crust prior to late Jurassic seafloor spreading. c) Beta factor map for the
GOM Phase 2 opening that was presented and discussed in detail in Chapter 3. d) Beta factor map
overlain on late Jurassic reconstruction at 160 Ma during the period of Phase 2 rifting prior to the
formation of oceanic crust in the GOM. Thin, yellow lines are the structural grain in basement
rocks from late Paleozoic orogeny and Triassic-early Jurassic, Phase 1 rifting. Central yellow line
with numbers 1-4 is the site of future oceanic crust formation with number 1 showing the area
where the rift crosses at right angles to the basement structural grain; number 2 showing area
where the rift crosses obliquely to the basement structural grain; number 3 where the West Main
Transform fault parallels the basement structural grain; and number 4 where the tip of the GOM
Phase 2 rift terminated near Cuba. Inferred Triassic-early Jurassic rifts formed during Phase 1
northwest to southeast rifting are shown as purple lines. Better-imaged, Late Jurassic Phase 2
marginal rifts described shown in Figures 4.6-4.12 of this chapter are shown as red lines. Off-axis,
Phase 2 marginal rifts that include the Bravo trough in the western GOM (Hudec et al., 2013) and
the Apalachicola and the Elbow rifts in the northeastern GOM (Storey, 2020). These off-axis,
Phase 2 rifts also shown in red in the NE GOM are attributed to a wider zone of Phase 2 rifting
resulting from rift propagating at right angles to the basement structural grain of late Paleozoic
orogeny and older Phase 1 rifts.
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A plot based on a worldwide compilation of rift beta factors to the orientation of basement
fabric modified from Reuber and Mann (2019) shows that rifts with low beta factors correlate with
rift-parallel fabric orientations while rifts with higher beta factors correlate with rift-orthogonal
orientation (Figure 4.17a). In this chapter | measured the marginal rift orientation relative to the
preexisting crustal fabrics inferred from gravity and magnetic maps and estimated the beta factor

(Figure 4.17b) from a 3D crustal model by Liu et al. (2020).

Seven out of eight measurements for the GOM are within the rift orthogonal orientation
and support the younger crosscutting relation of the Phase 2 rifts with the older Phase 1 rifts. One
outlier measurement from the most eastern GOM shows more rift parallel characteristics on the

plot. For this outlier measurement, the angle to this fabric is 49° and the beta factor is two.
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Figure 4.17. a) Plot of beta factor values versus angle of orientation modified from Reuber and
Mann (2019) to support their hypothesis that rifts that form perpendicular to the trends of basement
crustal fabrics require more prolonged and intensive stretching (i.e., higher, observed beta factors
in the 4-5 range) compared to those rifts that form parallel to the trends of crustal fabrics (i.e.,
lower, observed beta factors in the range of 2-3). b) Beta factor map produced by a 3D crustal
model by gravity inversion (Chapter 3, this dissertation). The red lines are the late Paleozoic
orogenic and Phase 1 late Triassic-early Jurassic rift fabrics interpreted from potential fields data
that define the overall crustal fabric of the area. The angle between these crustal trends and the
trends of the marginal rift system are shown for three locations for Florida rifted margin and range
from 49-100°. The angle between these crustal trends and the trends of the marginal rift system
are shown for three locations for the Yucatan rifted margin and range from 77-90°. The wider
zone of rifting with higher beta factors of 4-5 in the northeastern GOM is consistent with more
intensive stretching in this area to thin the crust to the point of formation of a late Jurassic oceanic
spreading ridge.
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4.4.5. Testing models of crustal structure and the tectonic origin of the marginal rift

zone.

| use gravity modeling to support the sediment- or volcaniclastic-filled nature of the GOM
marginal rift system. My gravity modeling shows that the rift infill has an estimated density of
2.6 g/cc that is consistent with clastic or volcaniclastic origin (Figure 4.5a) — rather than along
narrow, fault-bounded belt of exhumed, higher-density mantle (Figure 4.5b) or lower continental
crust (Figure 4.5c¢) as proposed by previous workers.

The characteristic low gravity and magnetic signature of the GOM marginal rift system is
not a surprising result given the 1-9 km stratigraphic thicknesses that were observed from the
seismic profiles described in this chapter (Figure 4.7-4.12). The presence of this sediment-filled
rift adjacent to the late Jurassic oceanic crust underlying the central GOM supports the crustal
necking mechanism and terminology as proposed by Peron-Pinviidic et al. (2019) for other circum-
Atlantic, rifted margins (Figure 4.5a). Replacing the area of marginal rift with serpentinized mantle
with a density of 2.8 g/cc (Lutz et al., 2018) results in a higher gravity response and larger modeled
gravity misfit as compared to the better gravity fits using a sediment or volcaniclastic-filled rift
(Figure 4.18).

SDRs have been proposed from the interpretation of seismic reflection and gravity data
from the northern GOM by various authors including Imbert (2005), Kneller and Johnson (2011);
Rowan (2014); Eddy et al. (2014) and Liu et al. (2019). As described in Chapter 2, the southern
SDR in the NE GOM is adjacent to the marginal rift to the landward direction and therefore would

have formed prior to the marginal rift — likely in the Late Triassic based on regional geological
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inferences. This pre-rift SDR is less than 10 km in thickness and localized and does not appear

to have any equivalent SDR on the southern GOM rifted margin on the Yucatan Peninsula.
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Figure 4.18. a) 2D gravity model along the seismic profile in ¢ by assuming the density for
marginal rift is 2.6 g/cc as previously shown and discussed in Figure 4.6D. b) 2D gravity model
along the seismic profile in ¢ by replacing marginal rift with exhumed mantle density of 2.8
gm/cm3 taken from Lutz et al. (2018). The computed gravity anomaly using this inferred shape of
the exhumed mantle from Pindell et al. (2014) and Curry et al. (2018) is higher than the gravity
anomaly resulting from a sediment-filled marginal rift as proposed in this chapter. c) Regional
seismic profile along A-A’ in the NE GOM also shown in Figure 4.6a that supports the presence
of a sediment-filled marginal rift.
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4.5. Conclusions

This study used 12 seismic reflection profiles and seismic refraction studies from previous
workers to develop two, regional 2D gravity models of both conjugate margins of the GOM. The
seismic interpretation of the industry 2D seismic reflection transects shows that the GOM marginal
rift system extends over 600 km on the Yucatan margin and 380 km on the northeastern GOM.
The result of the gravity modeling improved the understanding of the sedimentary fill composition
in the circum-GOM marginal rift system as well as the nature of the crust associated with features
of this necked region of the rifted, continental margin.

Based on the gravity model, the inferred composition of the marginal rift system is
volcaniclastics according to the modeled density of 2.6 g/cc. The sequential structural restoration
result suggests the salt present in the marginal rift area accumulated as the result of in-situ
deposition and by accumulation of salt from downslope sliding along salt rollers.  These
observations support the tectonic explanation of crustal necking as proposed by Peron-Pinviidic et
al. (2019) from other rift settings in the circum-Atlantic Ocean (Figure 4.5a) rather than models
proposed by previous workers in the GOM for the exhumation of the mantle (Figure 4.5b) or lower

continental crust (Figure 4.5c¢).
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CHAPTER 5: INVERSE MODELING AND
INTERPRETATION OF FULL TENSOR GRAVITY (FTG)
ANOMALIES IMPROVES SALT CANOPY GEOMETRIES IN THE
NORTHERN GULF OF MEXICO

5.1 Introduction

The continental crust of the northern Gulf of Mexico (GOM) formed as a rifted margin prior
to the formation of a Mid-to-Late Jurassic oceanic basin that now underlies the central GOM. The
northern GOM is now filled with up to 15 km of sedimentary rocks and with complex structures
caused by salt halokinesis (Figure 5.1). Seismic imaging through salt is complicated by salt
structures and layer geometries, as well as high-velocity contrasts between salt and surrounding
sedimentary rocks (Routh et al., 2001). Incident seismic energy arriving at these velocity contrasts
is commonly reflected and scattered along the irregular-shaped top salt surface and is not able to
penetrate into the deeper section so that the seismic reflections cannot be easily interpreted
(Simmons, 1992; Coburn, 1999; Etgen, 2004). There are velocity model limitations around salt
diapirs with steeply-dipping sides and adjacent sedimentary horizons, including complex, internal
structuring of salt bodies (Jones & Davison, 2014). Thus, FTG data provides a new constraint for
mapping complex, subsurface architecture produced by remobilized salt (Routh et al., 2001).

Gravity models, combined with wells and seismic reflection data, have been previously used
in the GOM to map deeper structures and crustal structure (e.g., Schenk et al., 1996; Parsons et al.,
2004; Bird et al., 2005; Filina et al., 2015; Liu et al., 2019). In addition to 2D forward models, 3D

gravity models have been used for inverse modeling of base salt horizons in the GOM (Jorgensen
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& Kisabeth, 2000; Routh et al., 2001). Full Tensor Gravity (FTG) data are used to further delineate
the size, shape, and thickness of more subtle, localized density anomalies (Zhdanov et al., 2004),
including small salt and karst bodies, which are often difficult to image with seismic data. For
example, Jorgensen et al. (2011) inverted the base of allochthonous salt in a GOM 3D model using
the Tzz component of FTG data to produce a salt isopach map. | used the Tzz component to invert
the base salt layer and calculate the salt thickness to isolate the gravity anomalies produced solely
by the salt masses. | then used the Txz and Tyz components to map the 3D salt geometries across

a 19,134 km? area of the northwestern GOM.
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Figure 5.1 The black polygon shows the location of the FTG dataset in the northwestern Gulf of
Mexico (GOM). Pink polygons are mapped salt diapirs from Huffman et al. (2004). Salt bodies
shown in white and labeled ab and cd correspond to the Txz and Tyz mapping results shown in
Figure 5.4.

ROR
59N
/{;"

W}/

(]

185



5.2 Data and methods

The top and base salt horizons were interpreted using depth converted PSDM (Pre Stack Depth
Migrated) 2D multichannel seismic reflection data, the DeepFocus seismic survey, provided by
Spectrum (now TGS) and acquired in 2007 (Figures 5.2a and 5.2b). The seismic data consist of a
grid of NE- and NW-trending lines with an average spacing of 3 km with a shot interval is 37.5 m
and a streamer length of 10 km. The top and base salt horizons were identified by applying
commonly used criteria, such as seismic attribution analyses and tracing high amplitude reflections
above reflection-free zones. Over the study area, salt canopies are shallower to the north and
deeper near the edge of the Sigsbee escarpment (Figures 5.2a and 5.2b). For the comparison of
base salt between the seismic interpretation and gravity inversion, this chapter used a seismic
profile from the SuperCache dataset provided by Dynamic group. These seismic data were
collected in 2012 with a streamer length of 15 km and a shot interval of 62.5 m and were depth

migrated.
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Figure 5.2 (a) Map of top of salt canopy from 2D seismic interpretations. (b) Base of salt canopy
from 2D seismic interpretations. (c) Map of base of salt from 3D gravity inversion of FTG data.
(d) Difference between seismic and gravity inverted base salt maps.
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Sigsbee escarpment that forms the southern edge of the salt province (Figure 5.1). Traditional
gravimeters measure the scalar of the field strength, Gz, or the square root of the sum of X-Y-Z
vector components squared (Coburn, 1999). FTG data measures rates of change of each gravity
vector field component (Tx, Ty, Tz, where T is gravitational force) in three dimensions (Figure
5.3). Of these nine-tensor components, five are independent (Txx, Tyy, Txy, Txz, Tyz) (e.g., Bell
et al., 1997; Pawlowski, 1997; Mikhailov & Diament; Zuo & Hu, 2015). Tyz is the rate of
gravitational change in the Z-direction of the Y-vector component, and Txz is the rate of
gravitational change in the Z-direction of the X-vector component (Jorgensen et al., 2001; Oruc,
2010). Physically, Tzz (rate of change in Z-direction of the Z-component) points to the center of
mass of the density source, and Txz and Tyz components produce minimum and maximum
anomalies over density boundaries, such as faults or the edges of salt bodies.

The 3D gravity model consists of seven density layers: air, water, upper sediment, salt, lower
sediment, crystalline crust, and upper mantle. The bathymetric surface, separating water and upper
sediment layers, is compiled from the high-resolution bathymetry dataset of the U.S. Bureau of
Ocean Energy Management (BOEM). As noted above, the top and base of the salt layers were
interpreted using the 2D PSDM seismic grid (Figures 5.2a and b). The top of the salt canopy is a
strong reflector with a positive amplitude across the study area. The base of the salt canopy is a
weaker negative amplitude reflector and difficult to identify in places. Seismic attributes and
geomorphologic features such as truncation of salt with underlying strata provided confidence in
the seismic interpretation. The basement surface could not be mapped from the available seismic
with high confidence due to image quality at deeper levels. Instead, a basement surface between
lower sediment and crystalline crust layers was generated by integrating seismic refraction control

(Ebeniro et al., 1988) with regional horizon grids (Laske et al., 2013; Straume et al., 2019). The
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Moho surface was extracted from a regional gravity model (Liu et al., 2020). All layer densities
were constant except for the sedimentary layers surrounding the salt canopies: 1.03 g/cc for water,
2.16 g/cc for the salt layer, 2.85g/cc for the crustal layer, and 3.3 g/cc for the upper mantle. This
study used 45 density logs from wells near the Gulf coast to derive an exponential decay depth
density function (D= 2.7-0.65*exp (-0.0002*depth)) for the sedimentary layers.

Three-dimensional forward and inverse calculations of potential fields data were based on
frequency-domain techniques described by Cordell and Henderson (1968), Parker (1972), Bott
(1973), and Li and Chouteau (1998). Three-dimensional inversions typically involve multiple
iterations of automated calculation and examination of modeled results. This chapter used GM-
SYS 3D within Seequent software package to perform these inversion calculations and the Tzz
inversion, which includes a gravity structural inversion algorithm patented by Chavarria et al.
(2006). The inversion process implemented a two-stage approach: fit longer wavelengths first,
then focus on fitting shorter wavelengths. The 3D base salt structural inversion was computed,
using both Tz gravity and Tzz FTG components, such that the RMS misfit between calculated and
observed gravity and FTG data was minimized.

Gradients are organized into the north-east-down (NED) standard, which means that
horizontal gradients are calculated from south-to-north and west-to-east, and the vertical gradient
points down. Minima and maxima Txz and Tyz are located over boundaries formed by density
contrasts, thus allowing salt geometries to be mapped directly from the FTG data. A 3D test model
was built with a 16 x16 km low-density square basin (Figure 5.3b). Calculated Txz produces a
minimum over the western edge of the basin and a maximum over the eastern edge; similarly, Tyz
produces minima and maxima anomalies over the southern and northern edges of the salt body.

Salt density (~2.16 g/cc) is typically lower than surrounding sedimentary rocks, which is analogous
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to the basin test model, except the model uses a low-density block instead of a salt body. I then

interpreted edges of salt bodies from Txz and Tyz components.
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Figure 5.3 (a) Six components of the FTG dataset and comparison with salt canopy distribution
in the area (lower left). (b) Simple 3D modeled density boundaries show how Txz and Tyz
anomalies are calculated over source edges according to the NED standard. Ticks point toward the
low-density side of the edges.
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The last step was to integrate a 2D seismic interpretation with the base of salt inversion and
Txz and Tyz interpretation results. The modeled base salt is a quantitative comparison with the
seismic interpretation. The qualitatively mapped FTG components indicate horizontal density
changes associated with diapir and lobe edges of the salt canopy.

5.3 Results and interpretation

The FTG inversion converged to RMS 0.05 Eotvos after 33 iterations, with a misfit mean and
standard deviation of 0.75 and 2.75 Eotvos, respectively. Details of these results are provided in
the supplementary material.

Tracing maxima and minima of Txz and Tyz components, | interpreted the edges of low-
density sources (Figure 5.4). Interpreted salt edges from seismic data are located directly beneath
Txz and Tyz anomalies, where, as stated above, Txz minima indicate low-density sources to the
east, and Txz maxima indicate low-density sources to the west. Similarly, Tyz minima indicate the
low-density sources to the north, and Tyz maxima indicate the low-density sources to the south.
Anomalies a and b in Figure 5.4a and anomalies ¢ and d in Figure 5.4b suggest two pairs of

anomalies that highlight the edges of salt bodies.
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Figure 5.4 Comparison of fault interpretations between FTG datasets and seismic reflection data.
The NE-SW-oriented black line shows the location of seismic data (Figure 5). Letters a, b, ¢, d
are anomaly pairs mapped along minima and maxima on Txz and Tyz maps. Ticks point towards
low-density. (a) Faults interpretation from the Txz component are shown as white lines. (b) Faults
interpretation from Tyz component are shown in green. (c) Overlay of fault interpretation from
Txz and Tyz onto the gravity-inverted base of the salt map. Black line trends NE-SW.
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The average difference between the interpreted seismic and inverted gravity base salt horizons
is 140 m with a standard deviation of 1360 m (Figure 5.2d). Positive values suggest the inverted
base salt is deeper than the base salt horizon interpreted from seismic reflection. Therefore, the
FTG data suggest that salt bodies are more deeply rooted in the northeastern and southwestern
parts of the study area. The inverted base salt in the center of the study area is shallower than the
seismic interpretation but provides a closer match in other parts of the study area (Figure 5.5). The
lateral density contrast in the shallower section is caused by surrounding sediments and salt and
the density distribution along the cross-section is shown in Figure 5.6. The combined Txz and Tyz
mapping results show closures that | associate with a deeper salt area, such as between anomalies

c and d in Figure 5.4c.
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Figure 5.5 Dynamic Group seismic profile, oriented SW-NE (displayed in Figure 5.4), and
corresponding FTG anomalies. a) FTG anomaly profiles: Txz (red) and Tyz (green). b) Seismic
cross-section beneath the FTG anomaly. Arrows point in the low-density direction. Base salt
comparisons are shown in the inset map. ¢) Base salt surface is shown on the seismic data. The
yellow line is the gravity inverted base salt and the black line is the seismic interpreted base salt.
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Figure 5.6 Density distribution alone the cross-section shown in Figure 5.5.
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Txz and Tyz anomalies track edges of density contrasts (Figure 5.4a, b, and c), and these
anomalies are interpreted to be produced by edges of salt bodies. On the Txz map, the anomalies
vary from 5 km to 70 km in length (Figure 5.4a) with 30 Eotvos amplitudes. The length of
anomalies on Tyz are shorter than those on Txz, ranging from 2 km to 50 km (Figure 5.4b) with -
15 to 18 Eotvos amplitudes. Short wavelength Txz and Tyz anomalies are primarily located in the
south, and correlate with the size of salt bodies. Hudec et al. (2013) explained that salt structures
form smaller diapirs and salt-cored folds as the canopy translates seaward, and that the larger
diapirs are located landward in the up-dip direction. Two possibilities may account for the
distribution of FTG anomalies: 1) short-wavelength anomalies are more likely associated with
smaller salt structures and long-wavelength anomalies with larger salt structures; or 2) the salt
canopy near the Sigsbee escarpment is shallower and related to salt extrusion processes. This study
favors the former because it is consistent with the seismic interpretation and inverse modeling
results (Figure 5.2).

The interpretations indicate four-way closures over deep base salt features (Figure 5.4c). Thick
salt bodies create large lateral density variations that produce FTG anomalies. The difference
between modeled and seismic base salt maps (+/- 3 km) may be due to unclear base salt seismic

imaging.

5.4 Conclusions

FTG directional guidance can provide a significant advantage over traditional gravity methods

for seismic reflection mapping of salt canopy geometries. Although gradient anomalies, such as
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Txz and Tyz, may be calculated from traditional gravity data, the resolution may be far lower (10-
20 Eotvos), indicating an uplift in FTG data interpretation.

In the GOM study area, negative density contrasts are dominant for salt bodies compared to
basin fill such that Txz and Tyz anomalies track edges of these low-density sources; located east
and north of Txz and Tyz minima, and west and south of Txz and Tyz maxima, respectively.
Mapped Txz and Tyz density source edges and modeled Tzz inversion for base salt provide
independent results to integrate with interpretations of seismic data.
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