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ABSTRACT

The end members of gssive continental margins are characterized as-non
volcanic or volcanic depending on the nature of the transition zone. Differences
between these two types areisually reflected by the differences of the pJsical

properties of the OceaContinent TransitiofOCT)

Gravity, magneticand seismic data used to investigate the crustal structure of a
portion of the northern Gulf of Mexico. Six 88fnh long, crustal cross sections have
been constructed across thdausly area with 70 km spacing. Twadimensional crustal
models comprising 7 layerhiave been developk to simulate the observedrreeair
gravity anomalies. The density of each layer has been kept constant and the geometry
of the individual layers modifiedotobtain a good match to the gvity data. Where
possible the gravity wdels have been constrained by available seismic and magnetic

data.

Interpretations for the boundaries between different crustal typeare
delineated by modeling. The magnetic anomsleere used to define the extent of the
transitional crust andnterpreted as the effects acdubaerial flood basalt$-or this study
OCT was defined as the region where the crustal thickness is greater than 9 km and less
than 25 km The average width of #81OCT in the models 250 km which is greater than

that found in previous sidies at other volcanic margin§o satisfy concerns that some



magnetic anomalies may be due seafloor spreading, an alternative model with a

narrower transition was constructewhich matched the data equally well

In order to reconstruct the preextension position of Yucatathe stretched
continental crust and transitional zone (restored back to 32 km thicknass)ss the
northern margin 15° of rotation about a pole south &floridaand 9° further rotation for
southern Gulf of Mexicas required Results from pevious studies suggest that the
Yucatan Blok underwent an addition&20° of rotation due toseafloor spreadingalong

the restoration arqtotal amount of 44° countefockwise rotation).

The results of this thesis suppedome previous studiethat concluded:(1) the
nature of the margin can be classified as being volcanic passive nangif2) plae

reconstructions requireounterclockwise rotatiorior the opening ofGulf of Mexico

Vi
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CHAPTER 1. INTRODUCTION

1.1 Motivation and Objectives

Rifting ofcontinentsand thegenerationof new oceanic crust involve a range of
processes that inade magmatic tectonic and sedimentary processg€offinet al.,
2006).Depending on the interactiobetween these processedifferent types ofmargin
styles can be produce(strong volcanic margins to nerolcanic margins)® ¢ K SNX | NB
two end member types in the delopment of the passive margin®nhe end member
responds by thinning of the atinentaf ONXzA G QQ  ¢her+endamembery R WQ
responds by extrusion of large quantities of [HH@PM)(Whiteet al., 1987).Volcanic
passivemargins can be identified by their seismic properties(1) seaward dipping
reflectors(SDRsgan be tracked on seismitata as strong reflectiaand (2) magmatic
under plating layes with high YPavave velocities (>7.2 km/s) and high densiti& 00
g/cc)Q(Qtavar,2007). It wasobservedfor the volcanic marginthat the transitionzone is
narrower when compared with tbse at nonvolcanic marginsThe physical properties
of the oceancontinent transition (width, thickness,seismicvelocity and structure,
average densitytanbe usedcharacterize thenature of the margin. Geophysical data
best suited to determining these parameters include seismic refraction data and gravity

anomaly data.

Although the Gulf of Mexico is one of the most selbean basis, researchers

still lackdetailed informationabout its crustal structure The lack of detailed dathas



caused a variety ofiypotheses to be proposedbout both tectonicgFigurel.1) and
geologicaldevelopment of the basinResearcherdave proposed that the formation of
the Gulf is due to tb movement of the Yucatan Block (clockwiseunterclockwse or
drifting). The theories that requirghe rotation of the Yucatan block aralso divided
into some subgroups,based ong K S i K S NJ A (loRronvblcac2riargii Ble®
et al., 1980 Hall et al, 1982;Anderson and Schmidt983 Pindel] 1985 Klitgordand
Schouterll988;Birdet al.,

2005 Mickuset al.,2009) Another proposed model requires

the activities of transform faustand shear zoesfor the evolutionof Gulf of Mexico

(Thomas1991).
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In order to evaluate the proposed models, the distribution of different crustal
types as welas the structure of the crustal zones must be knoWne ocearcontinent
boundary zone usually represents a snakain the regional scalefor the Gulf of
Mexico regionthe boundary zone representssignificant portion of the Gulf areand
consequetly any information from the boundary zone can actually provide information
for whole Gulf area. Detailed studies over this zoreyprovidea large amount of both
guantitative and qualitative dataegardingthe formation of thewhole Gulf of Mexico
Thesedata can be used for various need®r( example crustal studies geological
dewelopment analysis and many mqre

The dataand interpretations presentechere will contributeto studies of the
geological development of Gulf of Mexido. order to determi® the tectonic events
that playeda critical role for thedevelopment of the basina detailed crustal structure
study wascompleted Although many quantitative crustal studibave beencompleted
for the Gulf of Mexico, there ara limited number of integated studies thahave been
completedoverthe northern Gulf of MexicoTwo-dimensionakrustal models that were
createdusinggravity, seismicand magnetidatahave helpedo identify the boundaries

of different crusal types and their properties fortte northern Gulf of Mexico



CHAPTERRASSIVE MARGINS

2.1 General 6ncepts of Passive Margins

As the continents separate from each other in order to form ocean basins due to rifting
other oceans must clos@ott, 1995). The cycle of opening and cing of oceans is

known as the Wilson Cycle, whican be divided roughly intogarts:

(1) Rifting of continents
(2) Seafloor spreadingand creationof ocean basins

(3) Continental collisionrad closure of ocean basin

General settings of passive margireillustratedin Figure2.1.

NEW OCEAN CRUST
NN\ y/// 0
CONTINENTAL
CRUST 25
MOHO
50
UPPER MANTLE 75
LITHOSPHERE
ASTHENOSPHERE 100

Figure2.1 lllustration of passive angins (Olsen and Morgan, 1995)



2.2.0ceanic Crusand Continental Crust

The crust isgenerally classified of two diffeent types. Oceanic crust is
approximately 7 km thickTarbuck et al.2008)whereas the continental crust averages
35 km. Oceanic crust is mainly composedraficigneous rock @abbros andasaltg
whereascontinental crust is compsed ofmostly metamorphic andfelsicigneous rocks

(Tarbuclket al.,2008).

Continental crust has an average density of 2.75 ¢lezbuck et al., 200&nd
characterized by its heterogeneous structufeor better understandingt is commonly
divided it into severallayers,depending on the variation of theeismic velocities and
composition.Layered crustal models suggélsat the crust ca be subdivided as upper
and lower crust.In someareas where high quality and deep seismic dataavailable

(better subsurface controlthe crust can also beistinguishedoy havinga middle layer.

Oceanic crust isnainly composed ofmaficrock It is denserthan continental
crust, (average density of 3.§/cc). The hickness of theceaniccrust isapproximately7
kilometers(Tarbuck et al., 2008however the thickness of the oceanic crust may differ

depending on the natwrof the margin


http://en.wikipedia.org/wiki/Mafic

2.3.Formation ofPassive Margins

Passive continental margins are formedter rifting processes. Accoding to

Kingstonret al. (1983), passive margins can bassified in four different ways

1. Depending on their mapiew formation geometry (rifted, sheared, and
transtensional),

2. According to their nature of transitional crust (volcanic and-woitanic),

3. Whether the transitional crust represents a continuous change from normal
continental to normal oceanic crussimplevscomplex),

4. Depending on the type of sedimentatior.§. carbonde-dominated, clastic
dominated

1 First Stage

In this stagecontinental rift is produced as a result of stretchingr thermal
expansion of the lithosphereCrust and lithosphere magxperiencesignificant amourg

of thinningat this staggScrutton,1982).

1 Second Stage

During the second stagseafloor spreading leds to the generation of an
oceanic basin Beneath the rift zoneupwellings of magma occur in the mantleAs

marine conditionsare established subsiding of the continental crust creates normal

7



faults (dipping basinward)Limited amount ofsedimentrunoff towards the margin also
starts at this stageHowever the existence oextensivesalt is notpresent in all passive
margins Passive @rgin can also be dominated lmjasticsedimens (Shale ex; South
America) Crusal stretchingand thinning are stiladive at this time Depending on the
nature of the marginjntrusionswithin the transition zone and sedimentary layergay

occur.

1 Third Stage

As crustal stretchingdecays and seafloor spreading becomes established
conditions on the marginwill become gable. As the marginbecomesmature, high
amount ofsedimentrunoff starts to flowtowards the margin causintick sedimentary
layers(Scrutton 1982).

Initial results of ifting processes dmot leaddirectly to the creation ofoceanic
crust (Minshull 2009). An oceargcontinent transition (OT) zone exists between two
types of crust (continental and oceanidjowever the transition zone itself is also highly
heterogeneous which can be sub dividatb thick or thin transitional crus Due to the
complexty of the structure of theoceancontinent boundary, its composition and
formation are still debated. Integratedyeophysicaktudies (seismic refleicin, seismic
refraction, magnetism, gravimetry{Buffler and Sawyer, 198Mickuset al.,2009and
many mae) have shown thatthe properties of the OCT zorere not the same as

continental or oceanic crust.



2.4.Geophysical Properties of Passive Margarsd OcearContinent
Transition Zone

One of the common wayyof characterizingcontinental crust is by usingts
seismic propertiese.g. Wdw P wave velocity gradients (<0.05 /s) and low velocities in
the lower crust (< 7.0 km/€)(@®@ishull, 2009. Oceanic crust can be charactekzeasily
by @mmparing the difference witlcontinental crustin terms of its seisic properties,
e.g.(b@ havinga velocitygradient in the upper crust of 0.1 fnd lower gadients (0.01
/s) and velocities (6.87.2 km/s) in the lower cru§? (Minshull 2009. A classical
expectation for the boundary between oceanic and continental crust was to have an
abrupt change in physical properties where different types of crust arsitipaed
adjacent to each otherHowever,abrupt change in the physical properties within
f AYAUGSR | seé HogidAlZs8ophy<rdl studies have showme existence ofa
transition zone(from tens of kilometers up to several hundreds of kilometer) between
the two different types of crus{White et al, 1987 Gladczenket al., 1997 Baueret al,,
2000 and many more)

Better characterizationof the OCT requires better understanding ofsome
geological terms including normaloceani¢ vs mntinental crust and hick vsthin
transition zone Previous studies have revealdatifferent types of crusts and their

estimated boundaries at the Gulf of Mexiffeigure2.2) (Buffler and Sawyer, 1985



100° W 90" W 80" W
L L L

T
100°wW 20" W 80" w

Figure 2.2 Distribution of crustal typéwodified fromSawyer et al.1991)

The boundary between thin tranginal zone and normal oceanic crustan be
defined bychange in the seismicreflection characterand magnetic properties the
transitional zone hashuge heterogeneity @ampared to normal oceanic crusAlthough
the areas of thick transitiozonecan easily be diffentiated from thin transitionzone,
the boundary is hard to determine. Thick transitiaone is characterizé by having

thickercrust(Hales 1973 while havingan average dengy closer to continental crgt.
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2.4.1. Classification of Passive Margins

Creation ofa volcanic rifted margin requires a complete rifting process. When
the rifting is completed a new ocedn formed above the asthenospher@igure2.3)
(Minshull, 2009%. In the case of rifting witbut the thermal perturbationa nonvolcanic

marginis genegated (Figure2.3) (e.g.Iberia margin.

a) passive volcanic margin

Plutonic complex
Flood basalts

(wy) ydeg <

[ ]
o

QOcean-continent transition

200 100 0 km

b) Passive non-volcanic margin

Synrift and postrift sediments
Possible exhumation of the marntia

Upper mantie

& (wyydeg S

Ocean-continent transition
200 100 0 km

Figure2.3 Characteristi¢eatures of volcanic margins and nealcanic margingStavar,
2007)
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2.4.11.Volcanic Margin General Coept

A large amount ofbasaltic volcanisnis frequently associated witHé@ntinental
break up andhe formation ofvolcanic rifted margir@@hite and McKenziel989) The
classification of volcanic rifted margingeneraly refers to one with stretched
lithospheric crust due to the active volcanism thabk place during the formation
Volcanic passive margins are usualgntified by the seaward dippingeflectors These
reflectors havehigh sesmic Pwave velocities>6.0 km/s) due to their densitieq 2.5
g/cc-2.65 g/cd (Bauer et al., 200QMjelde et al. 2005

One of the main methodsised ingeophysical studies to characterize volcanic
margins is gravityThe gravity response at the riftedolcanic marginss the result of
processes that comol rifted margins developmentincluding extensionsgretching of
the crus), sedimentation magnatic underplating and flexure (Watts and Fairhead

1999

Gravity dataare directly related to the substace mass/density distributian
Mechanical extension cgesboth crust and the thosphereto be thinned. YA® the
Moho there isa large density contrast betweammustandmantle ( 0.35 g/c¢Q @Watts
and Farhead 1999.The gravity response of this sudden changeeferred to asthe

free-air gravity edge effect
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The free-air gravity edge effect ammaly includes agravity high (+25 to +50
mGals) whah correlates with theouter shelf and a gravity low @5 to -50 mGals)
associaté with slope and rise regior{8Vattsand Farhead 1999).

Accoding to Watts and Stewart 1(998), the free-air gravity anomaly at volcanic

margins is the result of contributis from:

1 Increasing water depth seawardepresenting a mass deficie§s dense water

substitutesthe denser oceanicrust) and a shallow effecEigure2.4b)

1 Decreasing Moho depth and shallowing of mantgresenting a mass excess
(denser mantle mateal repdacing less dense oceanic chuahd adeeper effect
(gentle gradient. The sum of the water and mantle contributions described

above veretermed the rifting anomalyWatts, 2001b) (Figure2.4b)

1 Sedimentation: The rgvity variation directly due tothe sedimentation
represents the sum of the contribution from the sedimant load (positive
contribution) that sulstitutes for water and contributions fromifl&ure of the
basement and the underlying Mohd¢negative contribution€) QVatts and
Stewart 198). Highly sedimented rifted margirsre associated with a gravity
anomaly high loated seaward of the hinge zonat the shelf breakStewartet

al., 2000)
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1 Magmatic underplatingThe gravity anomaly associated with magmatic under
plating hastwo effects, " a low due to the low density underplated material and

high due to the displacement of water by the uplift crugWatts and Fairhead

1999.

o0 Margins where seismic data indical@rge amouns of magmatic addition
to the lower crust (North Atlanticetc.) are associated with a freair

gravity edge effecanomaly that generally lacksdistinct offshore low

In the case of lithospheriesponseto sediment loading by flexureghere are some

simple modelswvailable for theifted marging(Watts and Mary 1995 Watts, 2001):

1 A short wavelength( 100 k), low amplitude( 50mgal) double gravity high

associated with low rigidity , weak mardifigure2.4a)

1 A long wavelength( 250km) high amplitude single gravity high 100mgal)

associated with high rigidity , strong mardiigure2.4a)
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Figure2.4b The water and mantle contributioret passive margind) The water effect
produces a negative density conttaend abrupt change in gravit@) The extra mantle
beneath the oceanic crust generates a positive density contrast and a less abrupt

change in gravityWatts, 2001b)
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Depending on the ability of lithosphere to support the loads for long periods of time,
researchers characterize the margas either weak or stron¢Figure2.5 Watts and
Marr, 1995. If the sediment loadsare mainly supported by the buoyancy of the
underlying fluid substratum the these margins are called weakthe sediment loads

are supported by the strength of the Hibsphere then these margins are referremas

strong

Continent | Ocean

i.c Senegal.Maurutania,Sierra Leone margins, Africa,
Bahia,Para. Amapa regions, S.America.

“Onshore Dipping
Doub]c‘?

Weak | Strong Le S.AfricaNiger Dela Libya margins, Africa,
& the N. Amenca margin from Nowvia Scotia to Virginia.

Rheology ?,

"Offshore Dipping
Double”

i.e Mozambique.Kenya Angola. Morocco margins, Afnca
Florida, N.America & Maranhao region. S.America

15 km

g

&

2

&
100 mGals

Figure2.5 Types of rifted continental margindepending onthe free-air gravity edge
effect. (a) Single edge effect due to sediment loading of strong continental ¢hadt
abuts strongoceanic crust(b) Onshore dipping double edge effe¢t)Offshae dipping

double edge effectdorresponds to weak continental crust igh abuts weak oceanic

crust) (Watts and Marr 1995
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2.4.11.1. Magnetic Roperties

Thetotal magneticintensity responseof any margin issociated witha material
of high magnetization valuesither properties(volume of materialand depth of the

material) of thismagnetic material also contr¢the magnetic response

As vlcanic passive argirs have high amourg of magmatism during heir
formation, the magnetic response of these margingght be larger in terms of

amplitudedue to additional amount ofgneousmaterials

2.4.1.1.2.Seismic Properties

Volcanicpassivemargins areusually identified by seaward dippingreflectors
(SDRs)Figure 2.6) which are observed ovethe transition between continental and
oceanic crusfEldholmet al.,1995.

Hinz (981) discovered thatypical propertiesof SDR®n seismigrofiles (Figure2.7)
were caused by thick extrusive b#saflows. SDRgepresentWI@od basals that was
rapidly extrudeduring earlier rifting or during initial seafloor spreading formed by
brief and voluminous extrusidd(@®inz 1981) It is generally accepted that the seaward
dipping reflector sequenaeconsiss of a mixture of volcanicocks volcaniclastic and

nonvolcanic sedimentary rockMenzieset al.,2002).

According to the Jacksaat al,, (2000)the seismic character 3DRss controlled by
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1 volume and rate of magma production
9 volcanic corstructional environment
9 relation to sea level

1 syn and postvolcanic deformation and subsidence
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Figure2.6 lllustration of SDRwithina wide angle profildMenzieset al., 2002),
HVLChigh velocity lower crustal bod¥sDR: Seaward dipping reflectttP: large

igneous province

Seismic velocity measurements from wide anptefiles have confmed that the
dipping reflectorunits exhibit seismic velocities of volcanic rock that are too high for

sedimentary deposit§/NVhite and McKenzjel 989.
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As it can be obseged from theFigure2.6, the dipping reflectors can easily represent
5 kmof thicknesswithin the transition zone their velocities cawvaryfrom 3.5 to 6 knis
(Hinzet al., 1999.

Physical properties of SBRisually differ dependingf the characteristicof the
specific magmatic margirHere are the some published densities seaward dipping

reflectors

1 2.55¢2.67 dcc, Norwegian rargin(Mjeldeet al., 2009
1 2.6 dcc, Norwegian margirfTsikilaset al.,2005

1 2.85 dcc, EastCoas of U.S(Hdbrooket al,, 1999

There are still debatesbout where and howSDR wedgesccur. Some of the
proposedmodels for SDR emplacemefitalwani and Abng 200Q Franke et al.2006

include

1. Models in which theSDRsre formed aghick subaeriabceanic crust i.e:'the
SDRsvould be emplaced during continental break up, implying that a hotspot is
not necessary foSDRdormation . The SDR would be emplaced as an initial
oceanic crust subsiding due taddition of volcanic loading and forming

symmetrical wedges in the comgate margingTalwani and Abreu2000Q.

19



2. Models in which theSDRa&re eruptedalongtransition zone(Referred aghe rift
model) suggest that the formation of SDR provinces may take place during the
rift phase under the influerte of a hotspatIn these modek SDR would be
emplaced over an extended continental crust

3. Models are alsosubdivided depending owhere the SDRsare locatedwithin a
given margin (Inner SDRs and Outer SDRrankeet al, (2006 report that
beneath theshelf one or multiple Inner SDR wedgeght be presentin the
case of Argentina passive margin studies theye that the width of the Inner

SDRsrearound 100km OuterSDRsvere also observethr seaward

Figure2.7 SDR reflections oseismic atain the eastern Gulf of Mexicfmbert, 2005)
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SDRdhave often been used asdicators for the ocean¢ continent boundary
extension Different mode$ make specific predttion for the location of the ocean

continent transitionzong dependngon the extension of theSDRgRobertset al., 1984)

2.4.1.2.NonvolcanicPassive Mrgins General Gncepty

Rifting without the additional thermal perturbatiolorms nonvolcanicrifted margins
This type of margin igsually charaerized by rotatedfault blocks awide zoneof

deformation, with small (or none) amount of igneous intrusigivghite etal., 1987)

NVPM diffes from VPMdue tolack ofsignificant amount of/olcanismduring
rifting. The amount of additional igneous materials on NVRMimited (White et al.,
1987). As a consequencé¢he transition zone is composed of stretchedthinned)
continentalcrust

Nonvolcanicpassive margins are also identified listric faults and continent
ward dipping reflectors. As the NVPM lacks addaioigneous materials, magmatic
underplating and SDRae notusually observed over these ngans (Manatschaland

Bernoullj 1999)
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2.4.2 Other Differences Between dlcanic andNon-volcanicPassive Mrgins

9 The Width of the Transition Zone from Comtimial Crust to Oceania@st

Understanding the physical properties of thmundary pne isthe key to
defining thedifferent types of passive margins. The classification of the passive margins
also depends on thevidth of the transition zone Studies hae revealed that the
transition fromnormal continental crust to normaloganic crust is relatively narroin

VPM(White and McKenzjel989.

The diference in the width of the OCi§ mainly due to high amount of igneous
rocks for the volcanic margins. Alse rifting starts theseinjected igneous rocks will

causethe lithosphere to become weak and weaker

M The Thickness of the Transitioan&

The thickness ofhe crust in thetransition zone also defines the different types of
passive margins. Volcani@gsive marginsre usually characterized by having thicker
crustal layersNormal thickness for oceanarust is expected to b6.5 +2 km (White et
al., 1992) In the case of VPM the thickness varies a lot depending on the properties of
that specific margi (this variation is mainly due to themount of intrusive ad

extrusive igneousaterial). Generallythe thicknesssgreaterthan 10 km
22



1 Magmatic Underplating

Magmatic underplating usualhgfersto the igneous material that can be found at or
near the baseof crust (Figure2.8) (Holbrok and Klemen 1993 Cox 1980. Seismic
studieson volcanic passive margin hakielped to betterdefine the properties ofthe

highvelocity lower parpf the crust

Different ideas for the definition of magmatic undémpng exist According to
White et al. (1987, magmatic underplatingan be considered athe accumulation of
additional igneous materialhich isderived below the ontinental crust.Talwaniet al.,
(1995) argues that even the erm (underplating) itselfcamot be considered as
appropriate due to requirement for extreme conditions fordet crust to be
underplated Theydefined SDRs teepresent the upper partof oceanic crust and

underplatingto represent theldWer part of an initial oceanic cru&(Qtavar,2007)

The dscovery ofan underplatedzoneis mainly due to thecontrast in the phyial
properties of this area. #ave velocity structuresupportsthe view that this zone
consistsof magmatic material which has been undetgld (7.1 to 7.6 km/seg This
same response is also supported from density of sipecificlayer .9 g/cc to 3.1 g/cc)

(Watts, 2001a, 2001Gladzenkoet al., 198)
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M Thickness athe Oceanic Crust

Based on the thiness of the transitional crusthe two contrasting types offifted
margins yolcanic and notvolcanig can be distinguished as the thickusted volcanic
margins and thircrusted non-volcanicmargins.One characteristic of a volcanic rifted
margin is the presencef thickigneous crustX9 kn) (Menzieset al, 2002. Studies at
volcanic margins reveal that normal oceanic crust adjacent totthesition zoneis

thicker than that & non-volcanicmargins(Eldholmet al., 1995)

2.5.Rifting Mechanisms

Early studies of lithosphere extensioan beclassified in twanain rifting typegSengor

and Burke, 1978

T Active RiftingMantle convection and extension occurred as a result of uplift.
This type of rifting is directly due to the stretching of the contirsdiithosphere

as a result of a thermal processthe asthemsphere.

T Passive Riftingextension is considered to be the primary mechanism which
usually takes place in wide zonds this type of rifting the mechanical forcesar

winning

Various models of rifting have been proposdtese nodels range from purehgar to

simple shear model
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2.5.1.Pure Shear Rifting

The uniform stretdiing pure shear mode(McKenzie 197§ assumes tha
Yestension occurs by symmetrtbinning of the crust and lithosphet@@ljelde et al.,
2007) the crust and sufzrustal lithosphee are attenated by an equal amount of
stretchingand the deformation i€onfined to the actual rift zor@ ® major upwelling of

the asthenosphere takes place bextk the center of the rift zone

This model basically assumes that the extension amountniferan with depth but
varies depending on the position across the maKgilgure2.9). Another assumptiorof
this model suggess$ that any magmatic activity has minimal effect aadcepts the

uniform asthenospheric temperature at the base of the lithosphere

1 Total subsidenceinitial fault controlled subsidence duto crustal thinning a
thermal subgdenceas the lithosphere cools andgaavity loading (gbsidence to
sediment load due to the density difference betere water and replacing

sedimen) (Allen andAllen, 2005.

McKenzie Uniform Pure Shear Model

Listric taultx \¥:\—f\_ j 2 2 2 2 > Brittle Crust

Stretching

hm—lq Ductile Crust

HOT MANTLE MOHO

Figure2.8 lllustration of pure shear nodel (Listeret al., 1989
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2.5.2.Simple Shear Rifting

In this model (Wernicke, 198pthe lithosphere extends asymmetricalgnd
extension taking placéy displacement on¥dbge scale due to ayently dipping shear
zone that traverses the entire lithosphedd®/ernicke, 1985)Simple shear predicts an
upper plate nargin above a deeper detachmemith a riftstage history of uplift and a
lower plate margin comprisinthe footwall of the detachmentMelt generation and

volcanism is probably minimélatin and White1990.

BASIN

BRITTLE UPPER CRUST

—
DUCTILE CRUST

Figure2.9 lllustrationof simple shearifting (Listeret al., 1986)

Symmetric extensional models failed &xplain some features of continental
margins such as\¥tli2 asymmetry in the rift structures of some conjugate margQi®
(Mjelde et al., 200¥ Simple shear model were found to provide a beaplanationfor
these featureg(Figure2.10) Various models for extension providesh explanation for
structural and mophological features at passive margins
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Observations of significant asymmetries in conjugate margins suggest that many
rifts may develop by a simple shear mechani3imeBrazil and West Africanarginsare

good example ofthis view(Mohriaket al., 2002).

2.5.3.Composite Model

This model combine Wernicketype simple shear in # upper crust with the
McKenzietype pure shear in the loer crust and mantle lithosphergFigure 2.11)
(Barbieret al, 1986) The smple shear model maipe used to explaithe ealy rifting
stages, whereashe pure shearmodel is often used during the following stages of

crustal extension

BRITTLE UPPER CRUST

X DUCTILE CRUST

Figure2.10 lllustration of composite nodel (Listeret al., 1986)
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CHAPTERGEOLOGICAL HISTORY offGDEMEXICO

3.1. Introduction

The Gulf of Mexico is a small ocean basthich hasbeen characterized akaving
large amount of sedimerary deposits (thickness up to 18 km) (Galloway 2011) The

basinhas suppliecdhuge amount of hydrearbons for more thn 50 years.

Previous studies of the tectonic evolution of the Gulf of Mexico indicate several
phases in its developmentg¢l) Late TriassieEarly Jurassic phasessociatedwith early
rifting, (2) a mid Jurassic pase of ifting whichproduced anarea oftransitional crust,

(3) a late Jurassic periodith oceanc crust formation in the centerand(4) a crustal

subsidence mdified by sediment depositionSawyelret al., 1991).

3.2.Late Triassic Early Jurassic

This stage ismainly considered as a geration of rifting zonesin brittle
continental crust.\FQult basins areisuallycharacterized by half grabens bounded by
listric normal fault® @anciniet al,, 2009) They are filld with nonmarine sediments
andvolcanicsDuring this stage similarfribasins are also thought to bmccurringalong
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the east coast of North Americacross northern Florida and soutingBeorgia all along
the Northern Gulf of Meixo and into the central Mexicdrhese riftsbasinsrepresent
the initial rift stage(relative movement between AfricaNorth Americd in the breakup
of PangeaThe hickness of continental crust at the Gulf of Mexico regssssumed to

havenot thinned significantlfSawyeret al.,1991).

3.3.Middle Jurassic

Themain rfting and crusal atenuation tookplaceduring this stage. As a result
of all these process transitional crust was formed ithe Gulf of Mexicoregion
However, not all parts of the regiomere affected. As a result of Yucatan Block rotation
the continental crust in the der periphery of the basin underwent moderate thingin
and remained relatively thick, mch ended up with thick transitional crust. The center
of the basin underwent morerustal and lithospheic thinning and subsidence to form
the large aea of thin trangtional crust(Sawyeret al., 1991). The thin transitional crust
may be wide but it was formed from a piece of pife continental crust that was
narrow .Thick salt was depositeder the central area of thin crust as well as adjacent

thicker crust due b the spilling of marine wars periodicall(Sawyeret al,, 1991).
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3.4.Late Jurassic

Thistime is mainly characterizelly the creation of oceanic cai (Sawyeret al.,
1991). As the rotation of Yucatan block progressed the area of oceanic crust became
much widerin the western part of the GulfAs theseafloor spreading continued the
marine transgression into thieasinwasstarted. The transgressiowasaccompanied by
cooling and subsiding of the basin. Newly formecdkasic crust was coverewvith
sevaal kilometersof water. Gravity and sediment loading caused early basinward flow
of salt tongues along the boundary of oceaand thin transitional crugSawyeret al.,

1997).

3.5.Rotation of the Yucatan Block

Many researchers agree that the rotatioof the Yucatan Peninsula block
involved a single ocean continent transform boundaryBirdet al,, 2005. Although the
details about the otation itself may differ €.g, total amount role of seafloor
spreading vs crustal stretchipgthe rotation is nterpreted to be counter clockwise
(Pindel) 1985 Salvador, 1987, 1991; Burke, 1988; Ross and Scotese, 1988; Christenson,
1990; Buffler and Thomas, 1994; Hall and Najmudt®®4; Marton and Buffler, 1994

Birdet al.,2005).
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Rifting Begins

Salt Deposition

Yucatan Rotation Begins  Sea-Floor Spreading Begins

Sea-Floor Spreading Ends

Source

Late Triassic to
Early Jurassic
Late Triassic, 200 Ma

Late Triassic, 210 Ma
Late Triassic to
Early Jurassic

Late Triassic to end of
Middle Jurassic
Late Triassic

Middle to Late Triassic,

230 Ma

completed by Oxfordian,
160 Ma

Callovian (or earlier) to middle
Oxfordian, by 160 Ma

late Callovian, by 160 Ma

late Middle Jurassic to
early Late Jurassic

late Middle Jurassic

Callovian, ~168-163 Ma

late Callovian -early Oxfordian
to Kimmeridgian,
160-150 Ma

late Middle Jurassic
(Callovian)

late Callovian fo early
Oxfordian, 160 Ma

Callovian, 166 Ma
early Oxfordian, 160 Ma
late Callovian, 160 Ma
latest Callovian or

early Oxfordian

Late Jurassic

early Oxfordian, 160 Ma
Kimmeridgian, 150 Ma

Berriasian, 140 Ma
Berriasian, 137.85 Ma (M16)

Berriasian, 140 Ma

early Late Jurassic
but not later than
middle Oxfordian

early part of Late Jurassic

Berriasian, 140 Ma
Berriasian, 140 Ma

Marton and Buffler, 1994
Pindell, 1994

Pindell, 1985

Salvador, 1991

Salvador, 1987

Winker and Buffler, 1988
this paper

Figure3.1 Propo®d formation eventgBirdet al, 2005

Investigation of the Gulf of Mexico formatiaa not only limited toits initial shape

and/or properties but alsao the driving mechanism which cated the current Gulf of

Mexico (Figure 3.1). Researcherdave tried to explain the formation from many

different perspective, including ifting, seafloor spreading and therole of a possible

mantle plume One recent proposed idea suggeshat a Late Jurassic mantle plume
may have shaped the formatiorFigure 3.2 showsthe mantle plume associated

anomalieqBird et al., 2005).
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Figure3.2 Mantle dume associatedatellite derivedree-air gravity anomaliegmGal)of

Gulf of MexicoYC:Yucatan Peninsula KKeahly CanyonSN = Sisgbee napp®jF
=Missisgppi fan; TC = thinrast; CB sarbonate buildups; SCS = south Campeche salt
nappe; RGD = Rio Grande delta; TGLC = Tama@iplden LaneChiapas anomaly; YP

=Yucatan parallel anomaly; KC = Keathley Canyon andBiediet al., 2005)
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Another recent studyfrom Mickus et al.(2009) also used potential fieldata for
further investigation (Figure3.3). ¢ KS I dzii K2 NA  O2x@gsOvwadzRi®rigly 0 K I
uplifted in Late Triassic time prior to rifting, and it is also consistent with Yucatan
separating from Texas along this rift and tpestulated fossil hotspot track in the

western Gulf of Mexic@Q(fickus et al.2009)

. . W
100k . . 85" W B __100°W 26 i )

Bouguer Gravity (Gammas)

Rl o5 Anomaly (mGals)
"

§ dbbiion s

25°N

100w . . 8s'w

e 100°w 95° 1 0w

Figure3.3 Gulf of Mexico and surrounding ardaee-air gravity anomalies (a)total
magneticintensity, (b) and Texas Coastal &h cross sectigncontour intervals are 10
mGal and 100 gammas, respectiv&lg, and YP Keathley Canyon, and Yucatan parallel

gravity, resgctively. Thick lines represetite crustal modelg¢Mickuset al., 2009)
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Accordng toBird et al. (2005, early shgesin the formation can be summarized
as follows(Figure3.4). the initial position for the Yucatan Block is interpreted to be in
the northern Gulf of MexicoAs continental extension progressethe Yucatan block
underwent a20-22° counter clockwise rotan (Hall and Najmuddin1994 Bird et al.,
2005. Continental extensionvasfollowed byseafloor spreading which caused another
20° counter clockwiseotation for the Yucatan blockBird et al, 2005. The present
configuration of theformation was acheved by 140 Ma (with the total rotation of 40-
42° rotation)

In adifferent approach to the current probler®degard (2010) haproposed

that a large portim of the central Gulf of Mexico is darlain by proto oceanic crust.

According to the authqrthe development of passive margins requires 5 initial
stages as follows: (1) Initial fracturing of the crust, (2) Extension of continental crust (3)
Highly extended continental crust due to faster rifting (4) Formation of proto oceanic

crust (5) development ohte oceanic crust.
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Figure3.4 Reconstruction of Gulf of Mexico with three main stagég Initial position
(b) 22° of rotation and continental csti extension (about 15152 Ma) (c) current

configuration 42° total rotatian (20° by rotation of sedloor spreadingBird et al., 2005)

Odegard (2010) further explained the development of “proteanic” crust and
the true oceanic crustdD@velopment of basin during the initial break up of continental
plates is controlled byhe zones of weakness in the continental cfu§ZQnes of
weakness may not align exactly with the preferred direction of spreading and during

rifting the interaction of continental platessannot be well define@ @degard 2010)
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The fourth stage occuiater rifting but prior to the drift phase. The continental crust on
the fourth phase can be fragmented by volcanic materibbt are produced by ridge
system The proto oceanic crust then undergoes someitholgal modifications that lead

to the creationof true oceanic crustDickson and Odegard, 2000)

The proto @eanic crus{Figure3.5)is a zonewith a mixture of volcanigamantle
material and continental fragments. This zone shows spatially chaotic magnetic and

sometimes gravimetric spreading anoles.
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CHAPTERIMATA

4.1. Geophysical and Geological Data

Different types of datahave been integrated during the modeling and
interpretation of the gravity response tfie northern Gulf of Mexico. These integrated
data includeonshore and ffshore gravity available seismic refleoth and refraction
onshore and offhore magneticdata, available well information and published

geologicaimaps and cross sections

4.2. Gravity Data

4.2.1 Marine Ship TackData (National GeophysicalData Center)

Ship trackdata from NGDC Marine Trackline Geophigs Datasets www.

Ngdc.noaa.gomvere primarily used during the study

The dtabase GEODAffom NGDCwas used to obtain digital data for the
offshore part within the designatedtudy area (W95’ to W89, N29.5 to N25.5). Data
extracted from GEODAS are maighlophysical datancludingbathymetrydata (Figure

4.1 and 4.2)

38


http://www.ngdc.noaa.gov/
http://www.ngdc.noaa.gov/

z

S6W
30N

W
WN —r—1—7T T

-

26N

|

————

s
9%6W W SSW %

Figure 4.1 Available ship track data over the Northern Gulf of Mexicdrom
GEODASSurvey area highlighted

6W W uw Sow S8W sSwW
ION i b= T Sy 2 T 3N
1 1
| 1 7
I I .
! 1
- 1 -
|
28N i e - 28X
l -
I
] .
|
o LY ‘
o : ! :
e ‘_ _______ 26N
L ' \ .
I
- - - -
I 1 | |
- | | I -
L I !
2N 1 ‘ L L 1 L 1 1 L ‘ 1 1 1 1 1 1 1 1 1 i L 2N
96w 4w hw obw SSW

0 110 220 440 km

Figure4.2 Freeair gravity(mGal)response fronship tracks (GEODAS)
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4.2.2. Onshore Freeair Gravity Data(Texasand Louisiana State 8veys USGH

For onshore gravity dataUS5S crustal studies and state surveys has been used.

(http://crustal.usgs.gov/projects/namad/state listing.html#texas

http://crustal.usgs.gov/projects/namad/state listing.html#louisiapa

Surveysover the areaof interesthave+2 m@l resolutionwith 4¢6 km of wavelength.
The area of interest for the @hore part is limited between W9%.to W91° and N33

to N3C (Figure4.3 and 4.4)
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Figure4.4 Freeair gravity (mGal)responseof Lousiana(USGS(Survey area highlighted
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4 .3. Global Scal&tudies

4.3.1. Global Crustal Model at 2x2 DegreeSr(ist 2.0

Crust 2.0is a global crustal model that specifies densagd compressional and shear
velocity on a 2x2° gridh total of 360different crustalprofiles describe the variations in

the 16200cells of the 2x2° grid

(http://igppweb.ucsd.edu /gabi/rem.dir/crust/rem.crust.html#crustp (Figure4.5 and

4.6).

Prde 2x2 degreenodel is composed of 360 key -Hdofiles. Each individugprofile is a 7

layer 1Bmodel withQ (K §\L.& @ LILAizS® Rdgabi/rem.dir/crust/rem.crust.html#crustp

1. ice

2. water

3. soft sediments
4. hard sediments
5. upper crust

6. middle crust

7. lower crust

Parameters VP, V&8nd densityare given explicitly for these 7 layers as well as the

mantle below tle Moho.
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4 3.2. Sediment Thickness Data

In order to generate accurate model®tal sediment thicknesses as well as layer
thickness(unconsolidated vs consolidatddyerg are required.The sediment thickness

along the Gulf area has been gathered freaveraldifferent sources.

1 Total Sediment Thickness of the World's Oceam$Marginal Seas

YAQHigital totalsedimentthickness database for the world's oceans and marginal
seas has beeoompiled by the NOAA National Geophysical Data C&@EDC)

(http://www.ngdc.noaa.gov/mqa/sedthick/sedthick.hthl  YTQe sediment

thickness data wer@btained from published sourcecean drilling results and
seismic reflectiorProfiles archived at NGDC as well as seismic data and isopach
map @GDCngdc.noaggov). The dataset that was obtained from NGDC was
used to generate a sediment thickness n{&mure4.7) of Gulf of Mexicaegion

and used during crustal modeling.
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4.3.3. A Global Digital Mp of Sediment Thickness

¢KAAa 3Jf20l f &iGitRedVrda/ 1kl d¥ge yddYEXurew ®) This
dataset is basically theupdated version ofCrust 2.0for the sediment thicknesses

(http://igppweb.ucsd.edu/gabi/sediment.html)

—180 ~180 -120 -$0 -850 -2 ] 40 L 2 120 180 80

Figure4.8 Generated sedimentiickness map of the World (1°x1°)

4.4Published Geophysaland Geological Datand Maps

In addiion to digital datavarious mapsnd otherinformation frompublished
sources were used
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4.4.1. Sediment Thickness Mapsd Sediment Thickness Models

In the case of Gulf of Mexico region, it has been proposed that the sediment
thickness can reach up tt8 km of thicknesgGalloway, 2013, which maks sediments
play a significant rolen modelingstudies Physical properties of thick sediment gilgill
be one of the main elements that control the accuracy of the models. However, most of
the seismic data are proprietary, and published data usually gives anfadethe
relatively shallow subsurface 8km depth from the sedloor). Previously created
models and mapswvere used to support the modsl Structural and stratigraphic
architectures of the northern basin arelustrated from many sources byegional
transecs (Figure4.9 and 4.1Q) Maps amnl models are mainly taken frorGalloway

(2011).
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Figure4.10 Cross sections throughorthern Gulf of Mexico showing crustal types and

stratigraphy(locations on Figure 4,9%alloway, 2011)
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4.4.2 Total Tectonic Subsidence Analysiad Maps

In addition to the digital data (mainly used to create modletstal tectonic
subsidence maps anmgsed to providea rough estimaésfor the boundaries of diffenet
types of crust in the Gulf regioi€rust extension analysis amdaps and Moho depth
estimates(Figure4.11, 4.12and 4.13were taken from Dunbar and Sawy&i987 and

Sawyer et al., (1991

The totalsubsidence is the water depth plus the sedimenicikmess at certain
point. Total tectonic absidence(TTS)s the total subsidence leske loading effect of
sediments.The anount of TTS due to crudtextension is proportional to the amount of
crustal thinning (LeRchonet al, 1981). TTS valuealso dgend on the time since rifting
Zero TTSvalde RSAONA 0 SR | &1) &n NuhbaSabdi SBuwfyErdS?) §iso 0 |

I addzYSR (K Ivalues KxinticaigioSeanic crust.
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Figure4.11Map of crusal extensionof Gulf of Mexico basi(Dunbar and Sawyed 987
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1 _96° 92° 88° 84° 80°
Moho Depth from TTS

Contour Interval 5 km

Figure4.12 Map of estimated Mbo depth in the Gulf of Mexico basin baksen

subsidence analys{Sawyetret al, 1991)
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1 o %
Crust Thickness From TTS

16°
Figure4.13 Map of estimated crust thickness in the Gulf of Mexico bassed on

subsidence analys{Sawyeret al, 1991)
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4.4 3. Decades of North American Gealgy

Decadeof North AmericanGeology(DNAG project representsiit§e cooperative
efforts of more than 1000 individuglfrom academia, state/federal agencies and
industry to prepare syntheses that are as current as possible about the geology of the
North American continat and adjacent oceanic regiogSheridaret al., 1988) These
studiesresulted inseveralmaps and mdels that summarize th&¢@ology tectonics
magneic and gravity anomaly patterngegionalstress field, thermal aspectsand

seismidty of North AmericQ(Rietz, 1982

The issues that wer@resentedfor the Gulf of Mexico portion of theDNAG
projectmostly focus on basement depth, crustal typasd the geological history of Gulf
of Mexico and surrounding areas. For tBisidy, 3 regonal transectsare used (Figure

4.14. and 4.15)
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The sirvey area for this study is surrounded lwoat regional transects (A and.B)
These transecaind cross sectionwere used to provide additional information for the
physical properties of therustsurrounding the Gulf of Mexicibboundaries depth,and

distribution).

Besides the DNAG transects there aoeneseismially generated crustal models

available for the Gulf of Mexico which were used for the modete® are

1 Seismic cross sectisrfiromKing(1969)
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1 East Texaand Mississipi crustakoss section from Worzehd Watkins(1973

This transect imainly generated by seismicflection and refraction studiesand

also exteds for approximately 600 km

. CAST TEXAS

5 ViSSS50H s

T — -ijzm

Figure4.17 Crustal cross sectigracross continentainargin,East Texaand Mississippi

profile (Worzel and Watkinsl973)
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9 Seismic Cross section at shelf edge fibrahim and Uchupil982

This sedbn only provides thickness of the sediment layers. The location

of this cross sectionrossesrofile4 from this study.
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Figure4.18 Seismic velocitykm/s) structure of East Texashelf (Ibrahim and Uchuip

1982
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4.5.Magnetic Data

4.5.1.Decades of North American Geology

The dgital data gridfor the magnetic anomaly map of North Amerisaektracted
from DNAG data basghttp://pubs.usgs.gov/of/2002/0ff02-414/), (Figure4.19) These
grids fully coverthe Qulf of Mexico and the surrounding areas well The magnetic
anomaly map of North America was cpited and processed as part tife Geological
Societyof ! 'Y S NJDékd@ af NortlAmerican (DNAJroject The grids are presented
in Geosoft binary grid formaOnshore nagnetic anomalyrofile data ugd in this study
were acquiredmainly by aeromagnetic surveydffshore magnetic datavere gathered
along ship tracls over the Gulf of Mxico. These data were maintained by National
Geophysical Data Center (NGDC) and kepthe Geophysical Bta System (Geodas)
database. DNA@ataare gridded1x1 km.Magnetic cita from INAG were actively used
for the Profiles1, 3 and 6

Magnetic datawere introducedinto the models due tdackof seismic data from
SDRs Magneticdata havebeen used to inerpret the properties of SDRs on many
volaanic margins around the worldNprwegian magin, South America, etc(White and

Mckenzie 1989 Yegorovaand Goberenkp2010
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4.5.2.Previously Publishedlagnetic Studies

Dataand mapswvere extractedrom previous studiegHall and Najmuddinl994 Mickus
et al, 2009. The aeromagnetic data from Hall and Najmudif94) were used for the
correlation between models. Profiles 4,,5and 6 crosshe aeromagneticstudy area

Interpretations made by the authors were also used for plate reconstruction models.
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Figure4.20 Location of the aeromagnetisurwey (highlidhted with red line)and study

area(highlighted with dashed blue lineyer Gulf of MexicqHall and Najmuddin, 1994)
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CHAPTERMETHODOLOGY

5.1. Introduction and Selection d®rofiles

Rft zonescan often includecomplex structures In order to analyzehese
features, some assumptioand/or simplifications must be made. Rift zaare usually
assumed to have changén physical prperties mostly on depth (Z a¥iand offset (X
axig. Change in the Y axi&re often assumed to be invariant due to lack oftala
coverageand gereral geological rule of thumb (length > widithvith the assumpon of

the y-axis as an invariant axithe sourceof the anomalies can be assumed to 2ie.

| used 2D forward gravity modelingn this study Profileshave beerchosen

1 To have maximum condl points (available seismic reflectioagismic

refraction and welldata, proximityto previous studiek

1 To benearly perpendicular to thepredicted ocearrcontinent boundary.
The location and trend of the OCB of thertmern Gulf & Mexico has
been identified by several previous studiéding approximately BN

direction)

Atotal of 6 profiles wereusedin this study The gparation between eacbf the

Profiles is 60-80 km. The length of theprofiles was designedso asto indude different
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types of crust (Continental crustransitional zongeOceanic mst). A a result of this
selection length of profiles waschosento be 800 km. Staion spacing withineach
profiles (except forProfile6) is 5 km, however this valueariesat the Guf coast (due to
poor coveraggarea.Profile6 has tle maximum seismic control posibut it lacksdense

gravity data coverage\s a result the station spacimgaschosenas15km.

2D nodels are designed to ave 8 different layers These layers ral their

densitiesare as follows

Water (1.03g/co)
Unconsolidated Semhents2.30g/cc(Warrenet al., 1966 Christensen, 1989
Consolidated Sedimen&s50 gtc(Warrenet al.,, 1966; Christenset989

Seaward Dipping Reflecta2s58 g/cc (chosen for thistudy)

Upper Crus2.65 g/c(lbrahimet al,, 19&; Haleset al.,1970andHales1973
Lower Crust 2.9@/cc (Ibrahim and Uchupil982
Underplate3.0g/cc chosen for this study)

Upper Mantle 3.2g/c€Warrenet al,, 1966 Christensen1989

In the study area there isvery little known about the middle crustal layer. As a

result, the cust is considered todwve 2 sections (Upper and Lower
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Calculation andanstruction of the modelsre based on the principle of forward
modeling.In general the observe dataare putaside and depending ahe geophysical
data andgeological knowledgea roughapproximationfor the subsurfae distributionis
created The gravity response for the initial modek calculated based uporthe
geometry and other physical propees assigned to the subsurfadayers Response
from the initial modelis compared with theobserved data However the match
between the observed and calculated data is not otilg factor that controls the
accuracy of mode The difference between the bserved data and the model response
is minimizedoy modifying the initial modeMagnetic modeling is only done to test the

presenceof SDRsSusceptibilitywalue for theseveral layers

Sedimentary layers: €gs

SDR bodies: 0045cgs

Upper crust: 0.0004gs

Lower crust: @gs

Underplating: @cgs

Upper Mantle: (cgs

As the materials reach th€urie point ( 600°c) they will start to lose thér
magnetization Geothermal gradient temperature increases as the depth

through Earths interiorincrease;near the surfacet is usually 2§30°C per km oflepth
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(Buschow, 2001 Thereforeany material thatis below20 km from the surface wilhave
a temperature of more than 600°C. Upper mantleinderplating and lower crust
materials are assumed to have zesosceptibilityvalues as they have passed theri€

threshold because of their depth.

Magnetization of sediments is usually assumed to be low or demto their
lack of highly magnetic materia{Mickuset al. 2009 Yegarovaet al., 2010and many

more)

Two-dimensionalgravity and magneticnodels were onstructed using GMSYS
software, developed by Nortivest Geophyical Associated his software useasimple
2D earth model in order to calculate the graviesponse for designated geometry and
density (resultsare due to thevariationin density in theXand Z directior).Thissoftware
basically usethe method described byalwaniet al, (1959, and Talwaniand Heirtzler

(1964), to calculate the gravitand magnetiacesponse

During modeling, sediment layers are divided into 2 layerainly separated
from each other because afdensity variation.

Evaporite depositglay very a signifiant role for the formation of passive
margins. Besides theaconomia@l values as a hydrocarbon trapping structure, they can
also play significant roleo characterize the margin .The density and the geometry of
the salt bodies are quite variabl@artin, 1975. Salt can be treated in two different

ways for generating regi@l crustal models. It can be assumedaasestricted body
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which would not have crustal significance or very long wavelengthriboriions to the
regional field¢ KS &SO2yR Aa GKIFG alrfd OFy NBFOK
silts and sands diat density variation within a body is on small scale and will not affect
regionalstudies(Martin, 1975. As a result of these assumptions salt is included within
the sediment layers and densities of these layers ararranged with the existence of
salt. As theprofiles passover the Sigslee Escarpmenthe amount of salt in sedinm
layersis dramaticallyreduced Because of the lack of significasdlt, densities of the
sedimentary layersvere changedstarting from the Sigsbee Escarpmefim 7@ for
Profile 1, km 7% for Profile 2, km ©0 for Profile 3, km 700 forProfile4 , km600 for

Profile5 , km 5 for Profile6).

Density values of sedimentary layeldscated southeas of the Sigsbee

E<arpment
Unconsolidated Se@.35g/cc

Consolidated Se@.55 g/cc
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5.2. Two-dimensionalGravity Models

5.2.1.Profilel

The westerrmost profile is 800 km long Profile 1) and oriented NWASE
approximatelyorthogonal to the proposed oceastontinent bounday (Schouten and
Klitgord, 1994Marton and Buffler, 194; Salvador, 1991Buffler and Sawyer, 1985he
northern end of theprofile starts from onshore Texg82.0° N, 96.2~/) extends south
eastward into theNorthern Gulf of Mexicandends up at 26.25R, 93.15°W. Only320
km (65 stations with 5 km separain) of Profile 1 are located onshoreand the
remaining360 kns are over the offshorearea (73 stations with the 5km separation).

Profilel exends approximately 60 km sowthstwardbeyondthe Sigsbe&scarpment.

Seismic constraintare availablealongPrdile 1. For the sediment layers global
total sediment thickness datas (NGDC) is used along witlvalable seisni data
(Worzel and Watkins 197Xing 1969 Galloway 2011).The boundary between the
consolidatedunconsolidated sediments is obtained fropneviously published models
(Galloway 2011) and digital sediment thickness 1°x{Paske and Masters]1997)
dataset Sediment layer densities are adjusted for the existentesalt bodies as

described earlier in thenodeling section

Water depth valuesare obtaineddirectly from bathymetry data from ship
trackline (NGDC)'he boundary between upper and lower crustal layers are extracted

from availablerefraction studies (Haleset al., 1970 Worzeland Watking 1973 Ebeniro
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et al, 1988 at km 100, km 250, km 345 and km 500with the approximate velocity of
6.3 km/s for the upper crustal layer and 7.1 km/s for the lower crustal |laipele to the
limited coverage othe upperlower crustal boundary, the thickness of the crustal layers
is mainly controlledby the effort of keeping their thickness ratio constant or similar
(1:1) Moho depth values are extracted from varioususces (Ibrahim et al,, 1981,
Ibrahim and Uchupil982 Worzel Watkins1973 Ebeniroet al, 1988 and Crust 2.0
databasg. Refractionstudiesfor Moho depthare available at km 100 kr@50,km 345
and km 615 with the mantle velocitiesbetween 8.0 km/s to 8.3 km/sFor the areas

whererefraction studiesare limitedCrust 2.0nvas usedo obtain theMoho depth

Using the constraints exahed abovejnitial Model 1 was constructedlypical
thickness for the continental crust was chosen at the northern section oprtbiele with
the average thickness value 82+ km (from beginning of therofile to km 120).
Oceanic crust with less tha® km thickness was chosen at the southern end of the
(starting from km 52). Partially thinnel and minimally intruded crust observed
between km 1D to km 270 with the thickness value between & to 32km. Anrms

valueof 2.34 m@l was obtained for the maa shown inFigure5.1.

As described in the methods sectioBDR<an directly be identified by their
seismic response (strong reflections). As we lack relatively shadleismic data,
magnetic data araised in order to tesfor the presence of SDR$hisis because the
SDRs are interpreted as basaltic flows and sedimentary material and as such may be

strongly magnetizedSince the SDRs are often used as an indicatiothe ocean
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continent boundary(White and McKenzie, 1988jagnetic data might provide ditional
support for the boundary geometries. SDRs havelistinct signature that can be
observed on magnetic datéSchreckenbergest al., 1997). SDR are associated with
high amplitude magnetic anomalies over other passive margins around the world (ex;

Norwegian marginBerndtet al., 2000).

Magnetic data oveProfilel show3 distinctive anomalies (witamplitudevalues
of 150 nT).The frst step of magnetic modeling is to check whether these anomalies
can be explained by using uniforsnsceptibiliy within each individual layers (magnetic
susceptibility values for individual layers were described at the beginning of this
chapter) without any intrusion orextrusive SDR bodies. Results of such a magnetic
model are shown inFigure5.1. This model faile@ to explain theobservedmagnetic
response.A nrew model was generateth whichthe anomaliesare produced by SDR
bodies (km 275 km 425 and km 5%). Whensusceptibility valueg0.0045 cg9 are
assigned folSDR bodies, a better tib the observed anomadsis obtained Figure5.2).
Proposed SDR bodies provided a roeghimate of the extenf the transitional crust
(SDRsare often located at the seaward and/or landward end tbe oceancontinent
transition (White and Mcknezie1989) When the SDRare introduced to the modelthe
calculated gravityresponses at corresponding areas hawmereased due to density
variation Surrourding sedimentary layersave density values &.50 g/cc whereas the
SDR bodiebave values 02.58 g/cc Overallrms (gravity error) valie ofthe model was

increased by 0..nGal. In order to improve themsvaluethe following steps were taken
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(1) SDR shapesvere adjusted (2) the thickness of sedimentary layers between
available constraintgfor the areas between km 275 and km®was increased by .8
km (unconsolidated sedimentariayer thickness increased by kbn and consolidated
sedimentary layer thickened by Kn). The fnal model(Figure5.2) generated with the

SDR bodies showed a 2.45 mGal rms value.
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Similar to the otheprofiles, seismic control for the magmatic underplating is not
available. Although the magmatic underplating layer has never been drilled, one of the
widely accepted idea is to have the high véipdower custal body coincidevith the
oceancontinent transition By accepting this assumption a magmatic underplated body
is irtroduced into the model between km 28 and km 515 The geometry othe
underplating layelis mainly controlled by looking at the other gmve margins around
the world as well as the match between the observed and calculated gravity da
Average hickness value of 4 km and 28 for width is found plausible for the many
passive margingWilson, 2002)The gravity response between km 280dakm 515 is
increagd by 4 m@l due to density change on the new layer (2.85g/cc to 3.00)gloc
order to lower the calculated responsef the model,total thickness othe sedimenary
layer (average change of .5 knand Moho depth changed(average chage of 1km)
between availableseismic constraintgbetween km 280 and km 513he base of the
underplating layeis controlled byavailable constraints on &ho depth.Since there are
no control points available for the top of the miaatic underplating layethe top part
of the layer is shaped t@rovide improvementn the fit of the calculated gravity
response to theobserved data. The fnal model (Figure 5.3) generated withthe

underplating showe@ 2.64 mGal ms value
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5.2.2.Profile2

Profile 2 is 800 km long and oriented N'BE approximaely orthogonal to the
proposed oceaftontinent boundariesproposed by Schouten and Klitgord1994),
Marton and Bufier (1994, Salvador 1991), Buffler andSawyer(1989, and Hall and
Najmuddin {994). The northern end oProfile 2 starts from Texas3R.(* N, 95.3CW),
extends soutleastward into the nrthern Gulf of Mexicpand endsat 26.3C°N 91.90°W.
The major part oProfile2 isoffshore (285 km with 58stations arelocated onslore, 415
km with 84 stations arelocated offshore). Profile 2 extends approximately 5&m

southeastard from the Sigsbeedearpment.

The overall shapeof Model 2 is similar to Model 1. Variaus seismic
constraintsare availableat several pointsalong Profile 2. For thesediment layersa
globaltotal sediment thickness dataséNGDC) is used togethaiith available seismic
data (Emery andUchubj 1984 Ebeniroet al., 1988 Sawyeret al., 1991; Ibrahim and
Uchubj 1982. The boundary between the consolidatethconsolidated sediments is
obtained from previously published modglRiegelet al., 1995),and digital sediment
thickness 1°x1k@ske and Masterd,997)dataset As withother profiles, salt bodies are
assumed withirthe sediment layersAsProfile2 crosses ovdhe Sigsbee §arpment at
km 750there is asudden reduction in the amount of salt preseartd consequentlyhe

propertiesof sediment layers have beerhanged
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Water depths values are obtained directly fromship track bathymetry data
(NGDGQ Thereare no direct seismic refractiodata available for the boundary between
upper andlower crustal layers withirProfile 2. AsProfile 2 is located 70 km east of
Profile1l and70 km west of Profile 3, an assumptionvasmade to keep the boundaries
between crustal layersimilar toProfiles 1 and 3 Previously published seismic studies
showed an approximate P wave velocity of 6.5 km/s for the upper crustal layer. Total
crustal thicknesgnformation was obtained from TTS analyses (Dunbar and Sawyer
1987).Various seismic control points fiMoho depth are availablevith approximateP
wave velocityof 8.0 km/s(Sawer et al, 1991 Haleset al., 1970 Krugerand Keller
1983. For the areasvhere seismic control points are not availakleust 2.0vas used to

obtain the Moho depth.

Typical thickness for the continental crust was s#o at the northern section of
Profile 2 (i.e.,>32 km) from beginning of theprofile to km 1@®. Between kni100and km
260 the crustal thikness varies betweeB®2 km to 25 km. Typical thickness for oceanic
crust observed at the southern end Bfofile with thicknesXK9km extending from km
530 to the end of the lineTransition zone is chosen for the area betweem X60 and
km 530 with the crustal thickness range of 9 km to 25 Khere is a significant change
in gravty response (approximately +20mf{} starting from km 650variation on the
gravity responsat the southern end of therofile coincides with the Keatey Canyon

concession arealhe gravity anomalpver the Keathley Canyon concession aitess
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been interpreted to be due to hot spot(Birdet al, 2005) Anrms value of 2.04 m&

was obtained for the initial model shown kigureb.4.

Although there areno digitized magnetic data captured for Model 2, previously
published magnetic maps are used to correlate features betweeiiles (shown in

nextsection.

With the assumption of having underplated layer within the transition zone,
(Kelemen and Holbok, 1995 Menzieset al, 2002) magmatic underplatingwas
introduced to tre model between km 290 and km 52Dhe geometry of such a feature
was kept similar to that used inddiel 1 as we lack any direct control overTihe gravity
response between km 290 arkan 520 isincreased byt.3 mGal due to density change
on the new layer (2.89/cc to 3.00 g/cc). In order to lower the calculated response of
the mode] total thickness ofsedimentry layerwas thickened by.7 km petween km
290 and km 52Q)Moho depth ireased by65 km (between km 290 and km 520) by
keeping the available seismic constrainfShe base of the underplating layer is
controlled by available constraints ddoho depth. Since there are no control points
available for the top of the magmatic uarplating layer,the top part of the layer is
shaped to provide improvement on the observed and calculated gravity resp®hse.

Final mode(Figure5.5) generated with the underplang showeda 2.53 mGal ms value
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5.2.3.Profile3

The length of thigrofile is 800km. The northern end of tharofile begins at
Texas Louisiana border (32N 94.3% W) andextendssoutheastward nto the Northern
Gulf of Mexico(25.5 N 91.8 W). Only 270km of Profile 3 (55 stations with 5km
spacingislocated on kore and the remaining 530 km (1@Tationswith 5 km spacing
is over the offshore Profile 3 crosseghe Sigsbee ¢€arpment at 25.85N 92.0 W and

extendssoutheastvard for additional 45 km

Seismic constraintsre availableat several pointsalong Profile 3. Sediment
boundaries are well constrained by previous studies and ni@a#loway 2011)as well
as seismic reflection/refraction studietbfahim and Uchupil982;Emery and Uadlpi,
1984 Dunbar and Sayer, 1987). For the areas wherglirect seismic dataare not
available total sediment thickness dataset @IDC) and Sediment thicknesxIf (Laske
and Masters 1997)are used Similar toother modes, salt bodies are assumed within
the sediment layersThe boundary between the consolidatethconsolidated sediments
is obtained from previously published modéGalloway 2011; Diegelet al., 1995)and
digital sediment thickness 1°x{l’aske and Masterd,997)dataset AsProfile 3 crosses
over the Sigsbee $earpment atkm 7@ there is asudden reduction in the amount of

salt presentand consequentlyhe propertiesof sediment layers have beerhanged
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Water depth values are directly obtained by bathymetryadtom ship trackling
as the profile crossesthe Sigsbee €€arpmenta sudden increase iwater depth is

observed épproximately 1km iorease in depth ovest 20 kmdistance.

Theboundary betweercrustal layerand Moho depth valueare extracted from
available refraction studie@brahim and Uchupi, 198 Emery and Uchupi, 198Bunbar
and Sawyerl1987) An averageP-wave velocity value of &m/s for the upper crustal
layer, 7.2km/s for lower crustal layeand 8.0 km/s foupper mantle wereobserved on
the seismic constraints.oF the areas where refraction constraints are limit€dust 2.0
was used to obtain the depthnd thickneswalues.Due to the limited coverage ahe
upper-lower crustal boundary, the thickness of the crustal layers is mainly controlled by

the effort of keeping their thickness ratio constant or close to (1:1).

Normal crustal thickness for the continental crise., > 32 km) was chosen at
the northern section of theProfile starting from the northern end of therofile to the
km 160. The area between km(@€ km 245 has the crustal thicknesses between 25 km
to 32 km. These values are smaller than those for typical continental crust but thicker
than for transition zone. Typical oceanic crust with a thicknl§8km extends from km
530 to the end of the line. As a result, the transition zone assigned for the area between
km 245 and km 530 (295 km in width). It was also observed that the overall width of the
transition zone is slightly longer than the othanofiles. An rms value of 2.3 m& was

obtained for the model shown iRigure5.6.
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Magretic data were available fderofile3. It has been shown from many authors
that heavily intrudedransitionalcrust¥¢@vered with floodbasalts and tuffQ(QDRS) can
geneiate positive distinct anmalies which can be tracked onagnetic data(Geoffroy,
200). As | lackseismic controlover SDRs, magnetic datare used to testfor the

presence oSDRs.

Although no magnetic datavere captured betweenkm 290 andkm 360,
previously published airborne magnetic mapgere investigated for any anomalous
response within 70 km area. No anomalous response was detected and magnetic
readingswere assigned a value 6fnT.Threedistinctive anomalies are observed on the
magnetic éta withroughly 150 nT total variation near km 2%0n 410, andkm 53). An
initial model was generated with the assumptionusing uniform susceptibility within
each individual layers (magnetic susceptibility values for individual layers were
described athe beginning of this chapterjFigure5.6). This modeldiled to explain the
variation n the magnetic responsé nrew model was generateith whichthe anomalies
are produced by SDR bodi¢mner SDR at km 250, outer SDR at %89). When
susceptibility valueg0.0045 cg9 are assigned forSDR bodies, a better fit over the
anomalous area is obtaineds it can be observddom Model 3, SDRare often located
at the seaward and/or landward end of thecearcontinent transition (White and
McKenzie, 1989) When the SDRsare introduced to the modelthe overall error value
for gravity responseis increasedby .45 mGaldue to densityvariation (Surrounding

sedimentary layers with 2.50 g/cc density values whereas the SDR bodies with 2.58
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g/cc). In order to fit the datathe thickness of sdthentary layers as well as thed¥lo
depth between available constraints (for the areas between km 250 and kmvis9)
increased by approximately 1 km and the boundary between upper and lower crustal
layers were lowered by 0.5km betwe&m 250 and km 530 he fnal model Figureb.2)

generated with the SDR bodies showed a 2.5 mGal rms value.

With the assumption of having underplated layer within the transition zone,
(Kelemen and Holbropki995 Menzieset al, 2002) a magmatic underplatg was
introduced tothe model (between km 280 and 51 The gravity response between km
280and km 5109 increased by.2 m@l due to density change on the new layer (2.85
g/cc to 3.00 g/cc). In order t@wer the calculated responsthe modelwas modifed in
the following ways(1) sedimenary layers were thickened (0.5 km) by keeping the
available seismic consirdas (2) mid crustal boundary wdewered (0.5 km), and (3)
Moho deptts weredeepened(0.5 km)between constraints (between km 280 and km
510). There are no control points available for the top of the magmatic underplating
layer,the top part of the layer is shaped to provide improvement on the observed and
calculated gravity response. Final modeigure5.8) generated with the underplating

showed a2.92mGal ms value
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5.2.4.Profile4

Profile 4 is800 km long and oriented N\SE. The northern end of tharofile
starts from on shore Louisian@2.0 N, 93.3 W) extends south eastward tm the
northern Gulf of Mexico and endat 25.5 N 90.0°W. Profile 4 crosseghe Sigsbee
Escarpment and continuesoutheastward for 100 km300km (61 stationswith 5 km
spacing of the Profile4 are bcatedonshore and remaining 500 kif101 stationswith 5

km spacinyare located offshore.

There arefew seismic control points available fdnis profile. For the sediment
layers the constructedmodel mostly depends on the Total sediment thickness data
(NGLL), previously published map&alloway 2011, Marton and Buffler 1994 Harryet
al., 20049 and few available seismic control pomt The boundary between the
consolidatedunconsolidated sediments is obtained from digital sediment thickness

1°x1°(Laske and Mastrs,1997)dataset

Water depthvalues are extracted fronship track bathymetric data(NGDC)
Moho depth values are extracted from avéila sourceqlbrahimet al, 1981 Hooton
1992 Marton and Buffler, 1994). For the area where refraction studies dnmited Crust

2.0was used to obtain the Moho depth.

Although there are no digitizethagnetic data captured for btlel 4, previously

published magnetic maps are used taredate betweenprofiles.
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As Ihave very limited seismicontrol points for thisProfile, overall properties of
the modelwere kept similar to the closest well constrained mod®odel 3). Typical
thickness for continental crust (i.e2,32 km) was chosen at the northern section of the
Profilefrom the beginning of thérofileto the km 50. Between km 80 andkm 270 the
crust hasa thickness between32 km and 25 km. Typical oceanic crust withthickness
HQkm was observed at the southern end afe Profile extending from km 5@ to the
end of theProfile A transitional crusbbserved between km 270 aridn 540. Crustal
thickness within the ransition zone varies betwee®5 kmand 9km. An Initial moe!

was gnerated with 2.3 mGalms value [Eigure5.9).

Seismic data to determine the presence of magmatic underplatirgy reot
available for anyProfiles. With the assumption of having underplated layer within the
transition one, (Kelemen and Holbropkl995 Menzies et al, 2002) a magmatic
underplating introduced tdhe model (between km 285 and 515 he gravity response
between km 28 and km 55 is increased byt mGal due to density change on the new
layer (2.85g/cc to 3.00 g/cc). In order to lower the calted responsethe modelwas
modified in the following ways(1) total thickness ofsedimentary layersthickened (K
1km), (2) Moho deptts weredeepened(by 0.7 kmpetweenseismicconstraints(for the
area betweerkm 28 and km 53). There are no controlgints available for the top of
the magmatic underplating layerthe top part of the layer is shaped to provide
improvement on the observed and calculated gravity respofi$e fnal model(Figure

5.10) generated with the underplating showexl.75 mGalrms value
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Although there is no direct seismic contrbly keeping thephysical properties of
a feature similato other examples around the worJdnagmatic underplatingas been

addedto Model 4 (total width of 230km and 4km average thickness).
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5.2.5.Profile5

The easternmosprofile is also 800 km long aratiented NESW approximately
orthogonal to the proposed oceatontinent boundares (Schouten and Kgord, 1994
Marton and Buffler, 1994Salvador, 1991Buffler and Sawyer, 1985)he northern end
of the profile starts from (32.0° N 92.5° Wnshore Louisiana extends southeastward
into the northern Qulf of Mexico (25.5° N 89.15° )WAImost 350 km(71 stations with
5km spaciny of Profile 5 are located on shore Louisiana and 450 km of the remainin
parts are offshore (9lstations with 5 km spacingProfile 5 crossesthe Sigsbee

Escarpment at 27.30°N 90.0° &vid extends for 200 km tilve southeast

Simila to Profile 4, Profile 5 has limited seismic controFor the sedimerdry
layers the constructed model mostly depends on theotal sediment thickness data
(NGET), previously published magsalloway 2011, Marton, 1995; Harry et al., 2004),
digital sediment thickness Ix1° dataset(Laske andVasters, 1997)and a few seismic

control points (Emery and Uchupl984; Dunbar and Sawyed 987 Marton, 1995)

Water depth values are obtained directly from bathymetry data from ship

tracklines (NGDCQC)

Crustal bomdaries andMioho depth values are extracted from available seismic
studies and previous published stal modelqIbrahimet al,, 1981; Ebenircet al., 1988

Buffler et al,, 1981; Marton, 1995
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Model 5 was constructedising the constraintdescribed abwe. Similar to
Profile 4, typical continental crusthicknessesvere observedat the northern section of
the Profile5 (i.e.,>32 km) from the begnning of theprofile to km 150 Typical thickness
for oceanic crust 3km) wasobservedat the southern endf the line extending from
km 550 to the end of theProfile. A transitionzone observedetween km 260 andm
550 with thicknes®s between 25 km to 9 kmThe thicknessof the crustbetween km
150 and km 26@aries from 2 km to 25 km.An nitial model pravided 2.2 mGalms

value Figure5.11).

Although there are no digitized magnetidata captured for the model,5

previously published magnetic maps are used toalate featuresbetweenprofiles.

With the assumption of having underplated layer within ttransition zone,
(Kelemen and Holbok, 1995 Menzieset al, 2002) magmatic underplatingwas
introduced tothe model (between km 280 arkin 510). The gravity response between
km 280 ad km 510 is increased by 4.5 al@ue to density change on the new laye
(2.85g/cc to 3.00 g/cc). In order to lower the calculated resporise model was
modified in the following ways(1) sediment layeravere thickened and (2) Mho
depths were deepenedbetween constraints (between km 280 and km 510). There are
no controlpoints available for the top dhe magmatic underplating layerh@ top part
of the layer is shaped to provide improvement on the observed and calculated gravity
response.The fnal model(Figure5.12)generated with the underplating showezi 2.3

mGal ms value
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Altough there is no direct seismic contrdaly keepingthe physical properties of
sud a feature similar tmther examples around the winl, magmatic underplatyingvas

addedto the Model5 (total width of 230 km and Em average thickness).
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5.2.6.Profile6

Due tolimited seismic coverage ovérofiles4 and 5,Profile6 wasgeneratedto
provide additional details othe easternmostpart of the study areaProfile6 is 800 km
long and oriented NS The northern end of therofile starts from onshore Mississippi
(32.0°N 89.9 W), extends south hirough Louisianaand ends in the arthern Gulf of
Mexico at 25.5°N 89.45W. Only 300 km (21 gravity stationsat 15 km spacing 61
magretic stations with 5km separation)of Profile 6 are locatedonshore andthe
remaining500 km (31 stations for gravitylOlstations for magnetic) are offshor®ue
to limited gravity data coverage ovehe offshore aea, a gravity station spacingf 15
km was usedProfile 6 crosses Sigsbees&arpnent at 27.44°N 896W and extends for

280 km tothe south.

Seismic constraintsre availableat several pointsalong Profile 6. Sediment
boundaies are well constrained bygrevious studies and mag&alloway 2011) as well
as seismic reflection/refraction studieend available well dat§Worzel and Watkins
1973) The boundary between the consolidateshconsolidated sediments is obtained
from previously published modeléalloway 2011) and digital sediment thimess
1°x1°(Laske and Masterd,997)dataset Profile6 crosseshe Sigsbee Escarpment at km

520,beyond which the amount of salt is reduced significantly.

Water depth values are directly obtainddbm the bathymetry data collected

along eachship trackine. The boundariedbetween crustal layers and Moho depth
100



valueswere extracted from available refraction studig8Vorzel and Watkins1973
Dunbarand Sawyer1987) AverageP-wave velociies of 8.08.1 km/s for theupper
mantle and 7.3km/s for lower crtel layer wereobserved.Due to the limited coverage

of the upperlower crustal boundary, the thickness of the crustal layers is mainly
controlled by the effort of keeping their thickness ratio similaor the areas where

refraction studies are limitedrust 2.0was usedo obtain the Moho depth

An initial modelwas constructed using the constraints described above. Normal
crustal thickness for the continental crust (i.232 km)was modeled fronthe northern
end of theprofile to the km90. Typical thickness for oceanic crustp km)was usedat
the southern end oprofile extending from km 52 to the end of the line. As a result,
transition zone assigned for the area between km 240 andbRM (280 km in width
Crustal thickness for the area between R and km 240 varies beteen 2 km to 25

km. This initial model showed 2.2 mGatserror value Figure5.13).

Magretic datawere acquired forProfile 6. Unlike the gravity data, magnetic
station intervalwas kept at 5km spacing It has been showrby many authors that
heavily inruded transitional crust Yvered with floodbasalts and tuff@ (3DRs) can
generate distinct anomalies whiclare be tracked on rgnetic data(Geoffroy 2003.
Threedistinctive anomaliesvith roughly 100 nT to 150 nT totalariation are observed
on themagnetic datanear km 260, km 38@nd km 470

An Initial model was generated with the assumptionusiiform susceptibility

within each individual layerémagnetic susceptibility values for individual layers were
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described at the beginning of this chaptéfigure5.13). This model failed to explain the
variation on the magnetic response. Another modelsgenerated with the assumption
that the anomalies ee produced bySIR bodies Kigure5.14). When the susceptibility
valuesare assigned for SDR bodi€8.0045 cg$, model response was similar to the
observed dataWhen the SDRare introduced to the modelthe calculated gravity
responseat corresponding areas have increased due to denatyation (Surrounding
sedimentary layers with 2.50 g/cc densitylues whereas the SDR bodies with 2.58
g/cc). In order to fit the data, the thickness of sedimentary layers as veetha Moho
depth between available constraints (for the areas between km 250 and kmva@)
increased by approximatel§.3 km. The fnal model with the SDR bodigsas a2.49
mGal error valueRigure5.14).

Seismic data to determine the presence of magmatic underplatirey reot
available alondProfile 6 or any of the other modelegrofiles. With the assumption of
having underplated layer with the transition zone, Kelemen and Holbropkl995
Menzieset al., 2002) a magmatic underplatindgayer wasintroduced into the model
(between km 280 andkm 515) The gravity response between km 2806dakm 515 is
increased by 6.5 m#b due to density charggon the new layerf{om 2.85g/cc to 3.00
g/cc). In order to lower the calculated response of the model (1) sediment |ayenes
thickenedby 0.4 km (2) the boundary between crust layers was lowered slight(9.3
km), and (3) Mho depths weredeepenedbetween constraints (between km 280 and

km 510). There are no control points available for the top of the magmatic underplating
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layer. Thetop part of the layer is shaped to provide improvementthe fit of the
calculated gravity responséo the observed dta. The fnal model (Figure 5.15

generated with the uderplating showed 2.68 mGal msvalue.

Although there is no direct seismic contrdly keeping physical properties of
such a feature similar as thether examples around the worldnagmatt underplading
wasadded to the Mbdel 6 The underplating had abtal width of 235 km an@n average

thickness of 5 km.
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CHAPTER 6. ANALYANDINTERPRETATION

| have identifiedand mapped different crustal types ankleir physical properties
over part ofthe northern Gulf of Mexicand surrounding areassing 2D forward gravity
modeling. | have generatectrustal models alon@ profiles which are constrained by

gravity andwhere availableseismic (both reflection and refraction) anthgneticdata.

Figures 5.1 through 5.16showthe derived crustal models. The descriptions for
the crustal models were discussed Chapter 51 have interpreted the anomalous
response of the transitional crust and surrounding area to provide an approach for the

overall nature of the margin.

6.1. Magnetic Anomalies

Alternativemodek were constructed foeachprofile to test the existence of key

geologicaklementsof the margin

High amplitude, well correlated magnetic anomalies have been proposed as the
effects of SDRs on many passive margins around the w8ddreckenbergeet al.

(1987) explained that the positive magnetic anomalies can be defined as the
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superposition of an upper normally polarized series of flood basaitghe Voring

margin.

SDRs as a source for higher marine magnetic anomalies are indicated from many
studies on volcanic passive marg €.9. U.S. East coast margifalwaniet al, 1995
Talwani and Abrel2000 Norwegian marginSchreckenbergeat al., 1997). Generation
of SDRs related to subaerial to shallow marinawism which ended up as shdite
body of flood basalt and intealated sediment¢Schreckenbergeat al,, 1997).In case
of multiple wedge of SDRse. Namibian marginthe inner SDRare assumed tchave
formed during rifting whereasthe outer SDRs formed in a deep sea environment by
marine flood basat Some otler proposed process for the generation of SDRRtude
(1) decompression melting cordlled by rsing plumegDuncan and Richard$991) and
(2) onvective melting due to temperature difference controlled by rifting process

(Mutter et al., 1988)
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Figure 6.1 Emplacement of SDRs wedges proposed by Hinz (188dike injection (b)
lava flows (c) emplacement of lava flowqd) cooling and loading witladditional flows

subside as wéhs dip in seaward direction
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Profiles 1, 3 and 6are selected for futher investigation 6 SDRs. Thegaofiles
show three distinct magnetic anomaliewith similar amplitudes(xL00 n7). Distinct
magnetic anomalies on passive margins has been imaged and irtepire various
ways. Although Ranowitz and LaBrecque (1979) interpreted the magnetic anomalies
on Namibia margin as an edge effediete are many studies that shotvese distinct
anomaliesare causedy extrusive basalthat can be identified as SDRSladczenket

al., 1997 Menzieset al,, 2002 Talwani and Abrew2000).

Imbert et al, (2001) and Imbert (200p imaged SDRsithe eastern Gulf of
Mexico. This implies tht the origin of themargin can be characterized asvolcanic
passive margin and some of the high magnetization anomatight be explained by

SDRs.

Thedistinct anomalis on observed magnetic dat@uld notbe explainedwith
the assumption of uniformmagneticsusceptibilitythroughout the modelgFigure5.1,
5.6, 5.13. Talwaniet al, (1995) used aange of susceptibilitybetween 0.003 and
0.00%gs for the U.S. East Coast SIRsaverage value of 0.084cgs for the magnetic
susceptibility of the SDRgas chosendr basic igneous rocks. When ttagsceptibility
value were assigned to proposed magnetic bodies approximate match between

observed and calculated magnetic datasobtained Figures5.2, 5.7, 5.1%

One can argue that these bes could berandom intrusiors. If the magnetic

anomalies arggenerated byrandom intrusionsthe structures shoulde considered as
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localized features, therefore theshould notbe correlatedbetween models. Another
dataset is introduced to test if the magnetic anoliea can be correlatedbetween
models. Aeromagnetic data frordall and Najmuddin (1994jlled the area between
Profile 3 andProfile 6. Figures 6.2 and 6.3hows that these anomalous structures are
not localized on certaiprofile and they can be trackeldetweenprofiles at the northern
Gulf of MexicoThemagnetic anomalies oRrofiles 3 and 6 were successfully correlated

for Profiles4 and 5(Figures 6.2 and 6.3.

Figure 6.2 Gridded (3D) view of aeromagnetic data from &fad Najmuddin 1994,

anomalies in circled area proposed as the effects of SDRs.
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Figure 6.3 Gridded aeromagneticdata from Hall and Najmuddin, 1994nomalies in

circled areaare proposed as the effects of SDRs .
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A magnetic map frormarecent potentid fields study (Mickuset al., 2009)for the
crustal structures at the northern Gulf of Mexisbows gmilar (Figure6.4) continuous

anomalies ger the proposed SDR locations (at the northern Gulf of Mexico).
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Figuire 6.4 Magnetic intensitymaps profile locations highlighted with white color

(Mickuset al., 2009)
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6.2.Magmatic Underplating

Magmatic margins around the worlére usually identified bySDRs and
magmatic underplatingWhite and McKenzid,989).Asthe hypothesis for the existence
of SDRsvasshown to be plausible, another typical property (magmatic underplating) of

volcanic passive margins was investigated.

Interpretation for lower crustal body (magmatic underplating) will directly affect
the nature of the margin as it is often used as an indicator of volcanic maf@/hie
and Mckenzie, 1989%eismic data to determine the presence of magmatic underplating
are not available along any of th@ofiles. Theexternt (e.g. locaibn, dimension)of the

magmatic underplating will beelineatedby magnetic studies:

1. Existence of SDRgroperties of transition zoné.e. width)indicates that
the margincan be classified asa volcanic margirand therefore the

existence of underplating is expected

2. SDRs ofterused as an indication of the exterdf the ocearcontinent

trangtion (White and McKenzigl989)

3. There is a general agreement that lower crustal bodies are limited within

the oceancontinent transition(Menzieset al., 2002)
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Magmatic underplating (average5 km thick) appeas to underlie extended
continental crust on many volcanic margiWilson 2002) Although there are some
different models for theextent of the lowercrustal body extensianthere is a general
agreement that the LCB is located in tbeeancontinent transition (Kelemen and
Hobrook 1995 Menzieset al., 2002. In this study he properties of such a feature are

kept similar toother examples around the worlfe.g SW Africa)

P-wave velocity structure that was obtained from availalobrstraints suggest
that the Rwave velocity of underplating laydies between 7.5 km/sand 7.8 km/s. A

value of 7.6 km/s waobserved for theNamibia volcanic margifBaueret al.,, 2000)

6.3. Distribution of Crustal Types

Properties and interpretatioffior the different crustal types and their boundaries
for each model were describad previous chaptersCorrelation of the proposed crustal
boundaries between models is alsoconcern of this study. Good correlation of the
structuresbetweenmodels can povide support for the interpretation.

The nitial interpretation for the crustal distribution is shown iRigure 6.5.
According to the initial interpretation an average width of 280 km for the transition

zone with the thickness values ranging between 2B to 9 km is observedThe
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distribution of crustal typess based on the assumptiothat the 3 distinct magnetic
anomalies areall due toSDR bodies.

Previous studies on volcanic margifgaueret al, 2000and many more) have
revealed a maximum width dhe transition zoneto be approximately 200 km. These
studies are usually based on seismic studies in which researchers identified and
characterized the crustal distributiols the width of the magmatic underplatir(@30
km) and transition zone (A¥km) ofinitial interpretation is foundo be larger than that
at other magmatic magins,it is possiblehat the outer SDR magnetic anomaly is related
with seafloor spreading(Figure6.6). Discussion for the SDRs will be presented in the

following chapte.
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Figure6.5 Initial interpretation for the crustal distiributiofBlack line: continental crust,

red line: transition zone, blue line: oceanist)
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