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Abstract 
We have investigated the crustal structure of  a 400 km wide zone of  thinned continen-
tal crust in the northeastern Gulf  of  Mexico (GOM) using gravity and magnetic mod-
eling along two deeply penetrated seismic transects. Using this approach, we identify 
two zones of  prominent, southward-dipping reflectors associated with 7–10 km thick, 
dense, and highly magnetic material. Previous workers have interpreted the zones as 
either coarse clastic redbeds of  Mesozoic age that are tilted within half-grabens or sea-
ward-dipping reflectors of  magmatic origin. Both seismic reflection lines reveal a 10 
km thick and 67 km wide northern zone of  high density near the Florida coastline be-
neath the Apalachicola rift (AR). The southern zone of  high density occurs 70 km to 
the south in the deepwater 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 
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by 3 km of  low-density and low-magnetic susceptibility sediments including complexly 
deformed salt deposits. We 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 in-
filled on its northern edge by southward- dipping volcanic flows; and (2) the similarly 
southward-dipping southern magmatic zone formed adjacent to the marginal rift dur-
ing the early phase 2 of  late Jurassic (161–153 Ma) rifting of  the GOM continental ex-
tension; this southern area of  SDR formation immediately preceded the formation of  
the adjacent oceanic crust that separated the rift-related evaporates into the northern 
and southern GOM. Our integrated approach combining 2D seismic, gravity, and mag-
netic data sets results in a more confident delineation of  these deep crustal features than 
from seismic data alone. 

Introduction 

Since the publication of  high-resolution satellite gravity images of  the 
Gulf  of  Mexico (GOM) basin by Sandwell et al. (2014), most work-
ers now accept that the GOM opened during two distinct rift phases 
that spanned the period from the late Triassic to the 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 northeast-
ern GOM that reflected northwest to southeast continental extension 
between the North and South American continents and the intervening 
continental Yucatan block (Figure 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 
into which the Louann-Campeche salt of  Callovian age (163–161 Ma) 
was deposited (Hudec et al., 2013; Snedden et al., 2014). Callovian salt 
generally thickens into sag basins either as a result of  increasing accom-
modation and enhanced deposition related to thermal subsidence of  the 
underlying rift or as the result of  the downslope movement along mo-
bile salt rollers (Steier and Mann, 2019). This extensive salt basin formed 
a broad (approximately 200–688 km) and thick (6 km) sag basin in the 
western GOM, but it thinned to zero along a narrow (approximately 68 
km wide) eastward-trending seam in the eastern GOM (Steier and Mann, 
2019) (Figure 1). This eastward-thinning pattern of  the extensive evapo-
rite deposit has led previous workers to propose that oceanic spreading 
propagated across the incipient central GOM from west to east (Marton 
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Figure 1. Tectonic map of  the eastern GOM showing the location of  our two megare-
gional seismic 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  oce-
anic 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 dot-
ted line shows the updip limit of  Louann salt compiled from Rowan (2014) and Steier 
and Mann (2019).
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and Buffler, 1994) and that influx of  the Pacific Ocean into the western 
GOM provided the source of  thicker and more extensive salt deposits in 
that area (Steier and Mann, 2019). 

The Late Jurassic (161–153 Ma) rift phase 2 was recorded by more lo-
calized and crosscutting “marginal rifts” or “outer troughs” that immedi-
ately preceded the formation of  the adjacent Late Jurassic-earliest Creta-
ceous (154–137 Ma) oceanic crust in the central deepwater GOM (Hudec 
et al., 2013; Snedden et al., 2014; Lin et al., 2019) (Figure 1). These phase 
2 marginal rifts are immediately adjacent to and subparallel with the 
ocean-continent boundary (OCB) along the Yucatan- Florida conjugate 
margins (Escalona and Yang, 2013; Lin et al., 2019; Steier and Mann, 
2019) as well as along the northwestern GOM-Campeche conjugate mar-
gins (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 1) had been previously mapped from re-
gional seismic refraction surveys, potential field studies, and deeply pen-
etrating 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 preoceanic salt basin into two widely separated salt areas: 
the Louann salt in the U.S. GOM and the Campeche salt in the Mexi-
can GOM (Pindell and Kennan, 2009; Hudec et al., 2013; Pindell et al., 
2016; Steier and Mann, 2019) (Figure 1). Snedden et al. (2014) and Lin 
et al. (2019) document Late Jurassic-recent sedimentary infilling of  the 
area of  oceanic crust and use the age of  downlap to infer the timing of  
the formation of  oceanic crust to be between 154 and 137 Ma along a 
slow (2.2–2.4 cm/year)-spreading ridge (Figure 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 evidence for phase 1 
rifting and associated magmatic activity beneath the thickly sedimented 
northeastern GOM (Figure 1). Because phase 1 structures in this area 
are older, more deeply buried to depths approximately 10 km, and lo-
cally mantled by a 2–5 km thick salt layer, seismic reflection data are 
more challenging to interpret and need careful integration with grav-
ity and magnetic observations and models. Previous workers such as 
MacRae and Watkins (1995) and Dobson and Buffler (1997) use indus-
try seismic grids to propose that thick, layered units seen on seismic 
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lines in the northeastern GOM are the coarse conglomerate and sand-
stone 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 propose that these units were 
uniformly tilted southward in the direction of  oceanic crust in the cen-
tral GOM because of  their Mesozoic deposition and rotation within 
Phase 1 half-grabens. In contrast, other workers — 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) — proposed 
that these reflectors represented “seaward-dipping reflectors (SDRs)” 
or layered volcanic flows that accompanied the phase 1 rifting event 
as part of  a volcanic margin setting prior to Late Jurassic salt deposi-
tion (163–161 Ma). 

Eddy et al. (2014) use 2D industry seismic lines to identify two zones 
of  SDRs: (1) a southern SDR zone (SSDR) adjacent to the OCB that was 
previously described by MacRae and Watkins (1995) and Dobson and 
Buffler (1997) and (2) a northern SDR zone (NSDR) within the Apala-
chicola rift (AR) approximately 180 km north of  the oceanic OCB (Fig-
ure 1). Eddy et al. (2014) suggest that the northern zone may be part of  
an “inner wedge” system of  synrift basins that were filled with basalts 
and volcaniclastic sediments during continental extension and that the 
southern zone was an “outer wedge” overlying more thinned and distal 
continental crust as described by Planke et al. (2000) from other rifted 
continental margins. 

Our study combines the following geophysical and geologic data sets 
to better understand the rifted crustal structure in this area: (1) two re-
gional seismic profiles (lines DeepEast 533 and DeepEast 1547) rang-
ing in length up to approximately 370 km, which were kindly provided 
to us by Spectrum Geo (Figure 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 (Gulf  Oil Corpora-
tion, 1975; Buffler et al., 1984; Hilterman, 1998). We use all of  these 
data sets to constrain two integrated geophysical models that improve 
the locations of  the OCB, the AR and marginal rift, and the proposed 
NSDR and SSDR magmatic zones. We also performed a spatial anal-
ysis of  gravity and magnetic fields to improve our interpretation of  tec-
tonic structures. 
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Data and methods 

Seismic data 

In 2010, investigators of  the GOM Basin Opening Project (GUMBO) 
used seismic refraction transects to study the lithologic 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 used to collect seismic refraction data along four dip 
profiles of  the U.S. 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). 

GUMBO3 (model 1 in Figures 1 and 2a) extends from offshore Flor-
ida, across De Soto Canyon, to the deep central GOM. Figure 2a shows 
the interpretation of  three major subsurface layers from seismic refrac-
tion data based on velocity structure. Eddy et al. (2014) interpret the 
OCB to be located at 290 km along the profile. We used the first 330 km 
of  this profile to study the architecture of  the rifted continental margin. 
Two zones of  faster seismic velocity were imaged within the lower crustal 
layer and can be interpreted as underplating in the lower crust. These 
faster velocity zones correlate with high-amplitude anomalies in the ob-
served magnetic field as noted by Eddy et al. (2014). 

We used two seismic profiles from Spectrum Geo DeepEast data set 
to interpret crustal features and constrain 2D crustal models using poten-
tial fields data. The DeepEast survey was acquired in 2007 with an aver-
age line spacing of  approximately 50 km, a shotpoint interval of  37.5 m, 
and a two-way time record length of  14 s. The seismic data were depth 
migrated. 

Figure 2b shows the first 330 km of  seismic reflection profile DeepEast 
533 that is coincident with the GUMBO3 transect. We built geophysical 
model 1 along this seismic reflection profile to better constrain the sed-
imentary section and the upper crust. GUMBO3 was used to constrain 
the crustal thickness and the intrusions within the lower crust (Figure 
2a). Figure 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. 
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Figure 2. (a) Cross section modified from seismic refraction experiment along GUMBO3 
(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 3a. NSDR, northern SDR; AR, 
Apalachicola rift. (b) Seismic reflection profile 1 is from the Spectrum DeepEast 533 seis-
mic reflection line and was used to constrain the sedimentary layers and the basement 
of  model 1 as shown in Figure 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 Fig-
ure 3b. The boxed areas on seismic lines shown in (b and c) are magnifications of  both 
lines in Figure 5d and 5f, respectively, in the area of  the AR basin. See the text for details.



L i u ,  F i L i n a ,  &  M a n n  i n  I n t e r p r e t at I o n  7  ( 2019 )       8

Methodology 

Integrated geologic and geophysical analysis 
Free-air satellite gravity field data (Sandwell et al., 2014) and the United 

States Geological Survey (USGS) regional magnetic compilation (Bankey 
et al., 2002) were used in developing integrated geophysical models and 
for mapping the major tectonic structures such as the OCB, northern and 
southern SDR provinces, and the marginal rift basin that flanks the area 
of  the Late Jurassic oceanic crust underlying the deepwater GOM. The 
reported accuracy of  the free-air gravity data set is approximately 2 mGal 
(Sandwell et al., 2014). Before sampling and modeling, the magnetic data 
set was reduced to the pole (RTP) to remove the skewness of  magnetic 
anomalies due to nonverticality of  the ambient magnetic field. Because 
most of  the USGS magnetic data were collected in 1985 in the northeast-
ern GOM, the following parameters from the magnetic epoch for 1985 
were used during the reduction to the pole transformation: inclination of  
55.77°, declination of  4.21°, and total intensity of  48,785 nT. 

We divided the subsurface of the GOM into several layers and assigned 
physical properties (density and magnetic susceptibility) to each layer based 
on well data (sedimentary layers and the upper continental crust) or pub-
lished 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 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 well 538A from the Deep Sea Drilling Project (DSDP) 
(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 response of  potential fields was computed for each model and com-
pared with the observed signal. The model was then adjusted to ensure a 
good match between observed and calculated signals in gravity and mag-
netic data, and it was checked for consistency with seismic, gravity, mag-
netic, and well-log information. All gravity and magnetic modeling were 
performed using Geosoft’s Oasis Montaj software. 

Spatial analysis 
Major geologic boundaries are expressed by different polarities, am-

plitudes, and wavelengths of  the potential fields data and depend on 
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the magnitude of  the contrasts in physical properties, geometry, and the 
depth of  the contact between juxtaposed rocks. Hence, the recorded po-
tential fields represent the combination of  all the signals related to vari-
ous geologic structures in the subsurface. To highlight the specific crustal 
structures, we first need to remove the unnecessary signals. 

We performed Bouguer correction on the free-air gravity field by tak-
ing into account the gravity effect of  water (density of  1030 kg∕m3) over 
the unconsolidated sediments with an assumed density of  2000 kg∕m3. 
We also removed the regional trend due to gravity effects of  deep struc-
tures, including the Moho boundary, by an upward continuation to an 
elevation of  40 km. 

Despite its finer sampling interval of  1 km, the USGS magnetic data 
set does not cover the region of  offshore Florida. Instead, we made the 
spatial analysis using the EMAG_V3 data set (Meyer et al., 2017) from 
the National Oceanic and Atmospheric Administration (NOAA) with a 
spatial resolution of  2 arc minutes (approximately 3.6 km in the GOM). 
Some grids and track line data collected during the period of  1946–2014 
are included in EMAG2_V3. Lacking detailed information about when 
the magnetic data in northeastern GOM were collected, we used the 
same parameters as the USGS magnetic data set from the epoch for 1985 
to reduce EMAG2_V3 to the pole. 

A series of  derivative filters (mathematical transformations) was ap-
plied to highlight lineaments in both gravity and magnetic data sets. The 
correlation of  the observed lineaments with the geologic structures deter-
mined from the two modeled profiles was used to extend the interpreta-
tion to the area outside of  seismic coverage. Information from the anal-
ysis of  the gravity and magnetic data was used to map the extent of  the 
marginal rift basin, the northern and southern provinces, and the OCB. 

Results 

Model 1 

Model 1 (Figure 3a) comprises 17 layers each with its own density and 
magnetic susceptibility. The upper 10 km consists of  eight sedimentary 
layers with their modeled densities that include Pleistocene (2250 kg∕m3), 
Pliocene (2350 kg∕m3), Miocene (2400 kg∕m3), Paleogene (2450 kg∕m3), 
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Figure 3. (a) Integrated geophysical model 1 that is coincident with the GUMBO3 re-
fraction line (Figure 2a) and the Spectrum DeepEast 533 reflection line (Figure 2b). 
The black lines outline the subsurface layers. The SSDR province is adjacent to the mar-
ginal rift basin that filled with the sediments, reactivated salt, whereas the NSDR prov-
ince is contained within the AR. The dashed white line shows the proposed bound-
ary between sedimentary-filled AR to the southwest and the NSDR to the northeast. 
The interpreted OCB 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 OCB is shown as a blue dotted line.
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Mesozoic (2550 kg∕m3), salt (2150 kg∕m3), carbonate rocks (2600 kg∕m3), 
and marginal rift sedimentary rocks (2550 kg∕m3). The magnetic suscep-
tibility of  the sedimentary section was assumed to be zero except for 
the marginal rift sediments (400 microcentimeter-gram-second [μcgs]), 
which was proposed by MacRae and Watkins (1995) to consist of  red-
beds. The southern SDR (SSDR in Figure 3a) province was assigned a 
density of  2850 kg∕m3 and a magnetic susceptibility of  4000 μcgs. The 
northern province (NSDR/AR in Figure 3a) was assigned the same phys-
ical properties as the SSDR. 

The crust along model 1 changes from a relatively unstretched con-
tinental crust at the northeastern end of  the line to a much thinner oce-
anic crust that underlies the central deepwater GOM at the southwest-
ern end of  the line (Figure 3a). The bottom layer of  the model is mantle 
with a density of  3300 kg∕m3 and magnetic susceptibility of  0 μcgs. The 
overall physical properties of  the modeled rocks are consistent with sim-
ilar studies performed by Filina (2018), 2019), and Filina and Hartford 
(2018, 2019) in the southern GOM. The only difference between model 
1 and the lines modeled by Filina (2018, 2019) is the increased magnetic 
susceptibilities of  the crustal rocks in the northeastern GOM with re-
spect 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. The thickness of  
the upper continental crust varies between 6 and 13 km. This layer has a 
density of  2780 kg∕m3 as constrained by DSDP well 538A (Buffler et al., 
1984), and it has a magnetic susceptibility of  3500 μcgs. The NSDR re-
gion is constrained within the AR as previously interpreted by Dobson 
and Buffler (1997) and shown on the Spectrum seismic reflection line in 
Figure 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 mag-
matic layering of  the NSDR from sedimentary layering of  the rift fill. Us-
ing seismic reflection data alone, MacRae and Watkins (1995) interpreted 
that most of  the rift fill was a sedimentary wedge in a halfgraben setting. 
Based on our potential fields modeling, we interpret a magmatic SDR 
origin for the strongly layered, higher density, and higher magnetic sus-
ceptibility packet of  seismic reflectors within the northern part of  the AR 
(Figure 3). Our interpretation of  a magmatic NSDR is consistent with 
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previous interpretations 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 the SSDR and the AR in the north, the strongest and most planar 
reflectors, that are inferred to be volcanic flows dip southward toward 
the oceanic crust of  the deepwater GOM and are located within or along 
the northern flanks of  the rifts (Figure 3a). To satisfy gravity and mag-
netic signals, both regions must be filled with rocks of  the higher den-
sity of  2850 kg∕m3 and magnetic susceptibility of  4000 μcgs that is higher 
than the upper crust. The SSDR province has a lateral extent of  40 km 
in Figure 3a, and it is 12 km wider than the SSDR province interpreted 
by Eddy et al. (2014) on GUMBO3. According to model 1, this inferred 
SSDR province is 10 km thick (Figure 3a). The marginal rift in the south 
is 3 km thick, 48 km wide, and bounded by the SSDR in the north and 
the OCB in the south. The density of  the marginal rift section is assumed 
to be 2600 kg∕m3, and the magnetic susceptibility is assigned as 400 μcgs. 

The lower continental crust was assumed to have a density of  2920 
kg∕m3 (Carlson and Herrick, 1990) with a magnetic susceptibility of  5500 
μcgs. 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  
2000–6900 μcgs for the rocks of  the lower continental crust as proposed 
by Schnetzler (1985). The ocean crust was assigned a density of  2850 
kg∕m3 and magnetic susceptibility of  6000 μcgs for models 1 and 2. 

We interpreted the OCB to be located at a distance of  301 km along 
model 1, which is coincident with a prominent magnetic trough (Fig-
ure 3a). The magnetic signal is very sensitive to the location of  the OCB 
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 46–119 and 196–280 km along the length 
of  model 1. We modeled these intrusive bodies with a density of  2950 
kg∕m3 and magnetic susceptibility of  −8000 μcgs. 

The presence of  intrusive bodies was constrained by their distinc-
tive magnetic signal. Intrusions 1 and 2 are inversely magnetized and 
are coincident with the zones of  fast seismic velocities (approximately 
7.5 km∕s) in the lower continental crust that were mapped in the refrac-
tion experiment (Figure 2a). The inferred intrusive bodies are dense, 
highly magnetic, and characterized by fast VP values. Similar intrusive 
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bodies were interpreted by Filina (2019) in the northwestern and cen-
tral GOM and by Filina and Hartford (2018) in the southern GOM. 
The dense intrusive structures in the lower crust can explain the pres-
ence of  a flat Moho because intrusions of  mafic melts can compen-
sate for crustal thinning and a shallow Moho as observed in other rifts 
(Nielsen and Thybo, 2009). 

Model 2 

Model 2 was built along the Spectrum seismic reflection profile Deep-
East 1547 (Figure 2c) and extends from offshore Florida toward the Yu-
catan margin (see the location in Figure 1). Model 2 consists of  14 layers 
down to a depth of  40 km (Figure 3b). Subsurface rocks were assigned 
the same physical properties as used in model 1 and shown in Figure 3a. 
One autochthonous salt body that overlies the marginal rift deposits was 
included in the model based on the interpretation of  the seismic reflec-
tion image (Figure 2c). 

The OCB is located at 336 km along model 2, and it is expressed as 
a magnetic low similar to the magnetic low observed along the OCB in 
model 1 (Figure 3b). The continental crust for model 2 was also mod-
eled with an upper and lower continental crust with the same physi-
cal properties as shown in model 1 (Figure 3a). Similar to model 1, we 
added two intrusive bodies to the lower continental crust of  model 2 at 
distances along the length of  the seismic line between 70–200 (intrusion 
1) and 280–323 km (intrusion 2). These intrusions in the lower crust are 
required to fit the magnetic profile, and are similar to other high-density 
magmatic bodies that underlie other continental rifts worldwide as dis-
cussed by Nielsen and Thybo (2009). 

Because no seismic refraction data are available for model 2, the pres-
ence of  higher seismic velocities cannot be established. Both intrusions 
have negative magnetic polarity and are modeled with a magnetic sus-
ceptibility of  −8000 μcgs, which is the same value as the magnetic sus-
ceptibility used for model 1. Similarly, one SSDR province, the AR, and 
the marginal rift were interpreted from seismic data and were included 
in model 2 (Figure 3b). The AR to the north occurs between the model 
distances of  40–103 km, and the SSDR to the south (216–273 km) oc-
curs adjacent to the marginal rift basin. 



L i u ,  F i L i n a ,  &  M a n n  i n  I n t e r p r e t at I o n  7  ( 2019 )       14

Tectonic structures from spatial analysis 

We determined the locations of the OCB, the marginal rift basin, and both 
northern and southern SDR provinces from the 2D models and correlated 
them with the lineaments in filtered potential fields that could be traced 
outside of  the area of  seismic reflection coverage (Figure 4). We used the 
tilt derivative transformation of  the residual Bouguer gravity map (Figure 
4a) and the first derivative filter of  the residual RTP magnetic field (Fig-
ure 4d) to map the lateral extents of  the OCB, the marginal rift, and both 
northern and southern 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 data sets. Because 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. 

The locations of  the OCB from the two models, i.e., approximately 
301 km along model 1 (GUMBO3) and approximately 336 km along 
model 2, are shown on the filtered potential fields as the black ticks (Fig-
ure 4b and 4d). These OCB locations correspond to the same gradient 
in the filtered gravity, which marks the edge of  a pronounced basement 
high. On magnetic data, the OCB locations are marked by a linear mag-
netic low. These correlations were used to trace the OCB for the entire 
study area as shown in Figure 4. The SSDR province and NSDR/AR 
correspond to gravity and magnetic highs, whereas the marginal rift ba-
sin is expressed by a gravity and magnetic low. 

Our analysis suggests that the width of  the marginal rift basin de-
creases from 48 to 28 km on models 1 and 2, respectively. The thickness 
of  the sedimentary fill in the marginal rift basin is approximately 3 km in 
both models. According to our spatial analysis, the marginal rift wedges 
out to the east of  model 2, and it is bounded by the southward-dipping 
SSDR province in the north and the OCB in the south (Figure 4b and 
4d). The AR has an average width of  65 km and an average thickness of  
10 km, whereas the southward-dipping SSDR province is approximately 
48 km wide and approximately 7 km thick (Figure 4). 

Discussion 

As a result of  our integrated modeling, we have derived physical proper-
ties (density and magnetic susceptibility) for both regional seismic profiles 
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(Figure 3a and 3b). These physical properties are either constrained by 
well data (sedimentary layers and upper continental crust) or with pub-
lished 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 modeled profiles. The locations of  intrusions 1 
and 2 on model 1 correspond to the fast VP zone in the refraction exper-
iment results described by Eddy et al. (2014) (Figure 2a) and Van Aven-
donk et al. (2015). 

Figure 4. Continental margin rift structure, northern and southern SDR provinces, and 
the OCB 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, OCB, and marginal rift ba-
sin. (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 un-
certainty of  the spatial interpretation. The marginal rift basin is outlined by a dark blue 
line, and the OCB 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 derived OCB locations for models 1 (Figure 3a) and 2 (Figure 3b) 
are constrained from both potential field data sets, although the magnetic 
field appears to be more precise than the gravity field for defining the 
OCB location. The 3 km thick marginal rift section interpreted in model 
1 from seismic reflection data (Figure 2b) is also consistent with the ob-
served 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 3a 
and 3b). The NSDR and SSDR provinces require denser and more mag-
netic rocks with respect to the upper continental crust to interpret the ob-
served gravity and magnetic signals (Figure 4a and 4b). The NSDR prov-
ince appears to be wider (65 km) and longer (285 km) than the SSDR (48 
km wide and 235 km long). The SSDR province is approximately 22 km 
wider and 63 km longer than the same province as determined by Eddy 
et al. (2014) (Figure 1, 26 km wide and 172 km long). The northwestern 
edge of  the SSDR province from Eddy et al. (2014) differs from the edge 
that we propose in this study from the potential fields data (Figure 1). Us-
ing the DeepEast seismic reflection data set, we extend the SSDR to the 
northwest beyond the limits of  the SDR mapped by Eddy et al. (2014).     

We support previous workers that the southward-dipping, layered 
units within the northern AR and adjacent to the marginal rift in the 
south are SDRs of  magmatic origin. Previous SDR interpretations in-
clude Imbert (2005), Imbert and Philippe (2005), Eddy et al. (2014), van 
Avendonk et al. (2015), Pascoe et al. (2016), and Curry et al. (2018). 

A magmatic origin for the two areas of  SDRs is consistent with the 
observed and modeled higher densities and magnetic susceptibilities in 
both of  these areas (Figure 3a and 3b) and the uniform seaward (south-
westward) dip of  the reflectors in both areas. It is clear that the northern 
area of  NSDRs was erupted within the AR (Figure 4) while the southern 
area of  the SSDRs erupted adjacent to the marginal rift approximately 
at 162 Ma (Eddy et al., 2014). The top of  the NSDR unit is truncated by 
the postrift sag basin that overlies the AR (Figure 5d and 5f). 

The dip of  these NSDR volcanic rocks within the AR were possibly 
erupted along the bounding normal faults along the northern edge of  
the rift (Figure 5d and 5f). A Precambrian analog for voluminous vol-
canic rocks infilling the AR is the Midcontinent rift beneath Lake Su-
perior where 8 km of  volcanics and interbedded sedimentary rocks (ve-
locity of  0.5–6.5 km∕s) erupted from bounding normal faults and infilled 
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Figure 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 from well LL399 (Figure 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. (e) Uninterpreted depth-migrated seismic 
reflection section of  the Spectrum DeepEast 1547. (f) Interpretation of  the 8 km thick, 
eastern AR with a 7 km thick NSDR shown in the red. Previous workers have noted 
that the AR thins and eventually disappears in an eastward direction.   



L i u ,  F i L i n a ,  &  M a n n  i n  I n t e r p r e t at I o n  7  ( 2019 )       18

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 over-
lies the AR. The vertical relief  of  the sag basin promoted the downslope 
motion of  the salt rollers (Figure 5d) during the postrift period. 

In contrast to the NSDR volcanics confined to the AR, the SSDR 
province appears to have formed outside of  the adjacent marginal rift 
(Figure 5b) as observed on coeval Mesozoic Atlantic rifted margins (El-
dholm et al., 1995; Tian and Buck, 2019). The SSDR in the northern 
GOM occupies structurally higher level relative to the adjacent marginal 
rift and therefore appears to have formed prior to the phase 2 marginal 
rift adjacent to oceanic crust beneath the central GOM (Figure 5b). The 
west-to-northwest orientation of  the marginal rift and parallelism with 
the OCB 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 (Lin et al., 2019; Steier and 
Mann, 2019) (Figure 1). The parallel, west–northwest orientation and 
shape of  the AR and its overlying sag basin indicate that it likely prop-
agated in an eastward direction (Figure 5d and 5f). Salt thickens in the 
sag basin overlying the wider western end of  the rift (Figure 5d) and thins 
and disappears in the thinner sag basin overlying the narrower eastern 
end of  the basin (Figure 5f). The unusual, west–northwest trend of  the 
AR in comparison with more northeasterly Phase 1 rifts may indicate 
that the AR may have formed as a transitional rift between the north-
east-striking Phase 1 rifts and the marginal rifts that formed adjacent to 
the initial, Late Jurassic oceanic crust (Lin et al., 2019).   

Conclusion 

We developed two integrated geophysical models along 300-km-long 
seismic reflection profiles crossing the rifted, continental margin of  the 
northeastern GOM based on combined analysis of  seismic, gravity, mag-
netics, and well data. Our seismic data and gravity and magnetic mod-
eling constrain a 3 km thick sedimentary fill in the Late Jurassic Phase 
2 marginal rift adjacent to oceanic crust that includes reactivated and 
highly deformed salt deposits that are thicker in the marginal rift than in 
adjacent areas (Figures 2b, 2c, 3a, and 3b). Gravity and magnetic mod-
eling show that the marginal rift basin is 42 km wide along seismic line 
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1, narrows to a width of  28 km along seismic line 2, and disappears to 
the east. The marginal rift that we describe is similar in dimensions and 
thickness to those described along the Yucatan-Florida conjugate margin 
(Steier and Mann, 2019) and the northwestern GOM-Campeche conju-
gate margin (Hudec and Norton, 2019) (Figure 1). 

The marginal rift in our study area is adjacent to 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 OCB along its southern flank (Figure 4b and 4d). The SSDR mag-
matic province is estimated to be 48 km wide and 235 km long. 

We interpret another 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 as well defined on both seismic reflection 
lines (Figure 2b and 2c). Based on our potential field modeling, both ar-
eas of  SDRs exhibit high density and high magnetic susceptibility that 
is consistent with their proposed magmatic origin (Figure 5d and 5f). 

We propose that the AR may have propagated eastward because it be-
comes narrower and exhibits a smaller overlying sag basin in its eastern 
area (Figure 5f). The anomalous east-to-southeast trend of  the Apalachic-
ola rift contrasts with other Triassic-Early Jurassic rifts in the southeast-
ern US and may indicate that the AR 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 1). The integra-
tion of  multiple geophysical data sets resulted in much better constrained 
crustal structures than those derived from 2D seismic alone. 
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