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Abstract

Welds form due to tectonicatipduced thinning and/or dissolution of saltjth their
composition and completends®ught toat least partlyeflect thér structuralposition within

the salttectonic system Despite their importances sealsor migration pathways for
accumulations dfiydrocarbosand CQ, we have relatively feyublishedexamples odrilled
subsurface weldsuch examples would allow us to improve our understanding of the processes
and products of welding, and to test analytical modelh®funderlying mechanict this

study weintegrate 3D seismic reflection and borehole data fronGtieen Canyon Area of the
northernGulf of Mexico, USA to characterize the geophysical and geological expression of a
tertiary weld as well as its broadsalttectonic contextThese data show although it appears
completeon seismic reflection data, the weld containg ft2c. 38 m) of pure haliteThis
thicknesss consistent with theredictions ofanalytical moded, andwith observations from
other natural examples of subsurface wedst observations also support a model whereby
compositional fractionation of salt occurs as the-teaitonic system evolves; in this model,

less mobile and/or denser uniifsoriginally presentare typically sranded within the deeper,
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autochthonous level, trapped in primary welds, or near the basal root of diapirs, whereas less
viscous and/or less dense units form the cores of these diapirs and, potentially, genetically
related allochthonous sheets and carmpiée also showthat shearing of the weld during
downslope translation of the overlying minibasin datlead to complete welding.

Introduction

Salt weldsform in responsdo the removal of salt by tectonicadiyduced thinning and/or
dissolution(e.g, Jackson and Cramez, 198%wan, 2004; Wagner & Jackson, 2011; Jackson
et al.,, 2014; 208; Jackson & Hudec, 2017We can identify three main types of welds
depending on thstructural level(i.e.,autochthonous or allochthonow)which they occur in

a salttectonic system; (iprimary; (ii) secondary and (iii) tertiary (Fig. 1) (Jackson and
Cramez, 1989We can further classiftheseascompleteincompleteor discontinuoudased

on thecontinuity and degree of weldingee Wagner & Jackson, 2Q1see also fig. 1b in
Jackson et al., 2014hhe type of rock left within an apparent weld (or the incomplete parts of
a discontinuous weld) principally reflects theeological variations betweemore mobile
evaporitege.g.,halite potash sal)sandless mobildithologies (e.g.,anhydrites, carbonates
and/or clasticsKupfer, 1968, and the positiorof the weldwithin the overall saftectonic
systen(i.e.,primary, secondary, or tertiary; Fig. Bor example, pmary weldsmaybehalite
poor becausdower-viscosity, relatively mobilelithologies such as haliteare preferentially
expelled (or dissolved) beforkigherviscosity, less mobilelithologies (cf. ‘differential
purification by movement’: Kupfer 19$8In contrasttertiary weldsformed at structurally
shallower levels in the satéctonic systermaycontainonly the more mobile lithologies, such
ashalite, with less mobildithologies if originally presentt the autochthonous leystranded

at depth(Fig. 1). In cases where the autochthonous salt is very purec@amgrises almost
exclusivelymobile lithologies such as halite and potash salt, for example towards the basin
centre (e.g., Clark et al., 1998; Jackson et al., 2019), welds developédtaictural levels
will comprise only those lithologiesin other words, compositional fractiation (or

differential purification by movement) will not occur because there is nothing to fractionate.

Regardless of structural level and weld compositioalydical models show that viscous flow
alone israrelysufficient to produce a complete weld &gher and Jackson, 2011). In this case,

up to 50 m of salt may remain within the weldyradictionsupported by the very few studies
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of natural subsurfacgalt weld (Jackson et al., 2014; 2018). Wagner and Jackson (2011) argue
that theremaining salt mg be removedby dissolution.However,they also propose that
viscous flow with a shear compongfar exampledue to thenorizontal translation od supra
saltminibasin onto and along baselt relief may promotethe complete removal skltfrom

a weld(Fig. 2). To date however relatively simple modsllinking salt weld composition and
structural position, andnalytical modebased predictionsf weld thickness, have only rarely
been directly tested by data fravatural examples of exposed or subsurface salt @&dkson

et al.,2014;2018)

Understanding the composition and thickness of salt sMelatritically importart to the
hydrocarbonndustry (Rowan, 2004; Rowan et al., 2088y those wishing to store @
subsalt reservoirsHalite typically has very low permeability and can therefore act as a
regional or local seal fdrydrocarbons or C© However weldsmay act asconduis for fluid
migration if theyarerelatively thin and/or composed of nbalite lithologies €.g.,intra-salt
sandstone or carbonat&ingers Jackson et al., 2014)nderstanding whea weld formsin
relation tothe timing ofhydrocarbommigrationis alsoimportant, given welding needs to occur
before suksalt source rock expulsion to charge a stgalatrap(Peel, 2014)In the regionof

the Gulf of Mexicathat isthe focus of this studyyydrocarbons are found within minibasats
various levels within the safectonic system, both below and above allochthonous salt
meaning it isalsoimportant to understand the role of salt welds in controlling hydrocarbon
migration within this particuar region with notable hydrocarbon fields in the vicinity
including K2/K2-North, Marco Polg Genghis KhanShenziShenzi North, Mad Dqggand
Atlantis (McBride et al., 1998Mount et al., 2006Weimer et al., 201)7 At presenthowever,
there is no clear ay to predict ifaweld is complete or incomplete due t@ tlack of well
penetrations, limited seismiesolution andthe poor preservation of some evaporite reck
types (e.g.halite) in the field (e.g.,La PopaBasin, Mexico Rowan et al., 20%12Flinders
Range Australig Dyson and Rowan, 2004; Hearon et al., 2@iishore Texas, US; Willis et
al., 200).

In this studywe integrate&8D seismic reflectiomndborehole data frorthe Green Canyon area
of the northerrGulf of Mexico,USA to characterize the geophysical and geologicalesgion
of an apparentertiary salt weldFig. 3). The weld underliesrac. 8.5 kmthick minibasin that
subsided into allochthonous salt forming paftthe Sigsbee Canopwlthough the weld

appearscompleteon sesmic reflection datagur boreholebased analysishows 124 ft (c. 38
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m) of pure halitas preservedi.e., the weld isncomplete at least at the borehole location, and
may be bestlassified asliscontinuou}y Thisthicknesss consistent with the analytical model
based predictions of Wagner & Jackson (2011), and observations from othereadarples

of subsurface salt weldsagkson et al., 2014; 2018). By studying the structural evolution of
the overlying minibasin and flanking salt structures, we also place the weld within its broader
salttectonic framework, showing that shearing of the weld during downslope translatien of t
overlying minibasin(see Fig. 1)did not lead to complete weldingt leastin the location
penetrated by thieorehole

GeologicalSetting

The northerrGulf of Mexicoinitially formedin the Late TriassiEarly Jurassic in response to
rifting between the North American and AfanSouth American plateg.g., Pindell and
Dewey, 1982; Kneller and Johnson, 2011; Hudec et al.,&2018rrestrial clastilominated
synrift sedimentsvereoverlainby athick, extensiveevaporitedominatedsuccession known
as the Louann Saltvhichwas previously considered to be Callovian (eSglvador, 1987)
butthatis now dated as Bajocian (Pindell et al., 208 alsdlazzard et al., 1947; Humpsy
1978; Kneller and Johnson, 2011; Hudec et al., BDT&he main LouariCampeche salt basin
wasdissected byppening of the central Gulf of Mexico in the earliest Late Jurassic. During the
Late Jurassic and Early Cretaceous, the salt flowed out ovéy ftemedoceanic crust in the
evolving ocearpasin forming an extensivefrontal allochthonous nappe (Hudec et al 2013a,b)
thatunderlies our study are&ubsequengravity-driven flow of these evaporitegluring the
Cenozoicplayed a primary role in thestructuralevolution of the Gulf of Mexico and the
distribution of overlying sedimentdinibasirs subsidedinto both the autochthonousand
allochthonoussalt, while salt flowed out ofiliapiric feedersand formedan dlochthonous salt
layerknown as th&Sigsbee Canopfe.g., Diegel et al., 1995; Pestlal., 1995; Rowan, 1995;
Pilcher et al., 2011)As this canopyadvanced basinwamuring the Oligocene to Miocepa
new generation ofminibasins subsid into and weretransportedbroadly southéouth
eastwardsn top of the advancing allochthonous bdsiseFig. 2a) (e.g.,Jackson et al., 2010;
Jackson and Hudec, 201Previous studies suggest thatseninibasins were carrieigns of
kilometres basinward befonwelding being flanked updip and downdip by kinematically
linked zones of salletached extension and contraction, respectiiffély. 2; see also fig. 20

in Jackson et al., 2010; Duffy et al., 2020he presence of rarrgyncline basins in this part
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of the Sigsbee Canopglso provide evidence fat least40 km of sakdetached minibasin

translation across basalt relief (Fernandez et al., 2021).

The salt weld of interesin this studyis a tertiary weldlocatedbelow a minibasirthat has
subsided into th8igsbeeCanopy andwhich appearsvelded toan underlyingnminibasin This
minibasin is situated in the Gre€anyon Area of the northefdulf of Mexico, USAandclose

to thefrontal edge of the advancing canofifie Sigsbee Esecpment) whose expression can

be clearly seen in the present bathymetry .(Big In a salt tectonic contexthe studied
minibasin and underlyingveld lie within the ‘amalgamated saktockcanopy province’ of
Pilcher et al.(2011), the upper part of which is characterised by a network of minibasins

surrounded by canopsourced diapirs and related welésgy; 1b).

Data and methods

Seismiaeflectiondataand seismisstratigraphic framework

We use a 3D prstack depth migrated (PSDM) seismic reflection voluhetcovers c. 150

km? (12.5 x 12 km)and which haan inline and crossline spacing of 2qQfgs 3 and 4. The
available dataolume is cropped at depth 023,760 ft (7200 m) from a survey that images

to significantly greater depti$eismic data quality is very goedthin the interval of interest,

with the weld and encasing strata being very awefiged(Fig. 5). We estimate theertical
seismic resolution within the depth interval at which the weld is develap2d,000 ft; c. 6.1

km) to bec. 62 ft (c. 20 m)(resolution is approximated bthe assumption that it equal&t,

where =80 m at 20,000 ff)We display the seismic data using US normal polarigy, @
downward increase in acoustic impedance is represented by a negative reflection coefficient,

which is a whitgeflection eventn our imagesBrown, 2011) (Fig5).

We mappeeightkey seismic horizonsomprisingtop and base salndsix suprasaltseismic
horizonsthat definesix seismic unit§SU1-6; Figs 4ac, 5 and §. Thesix suprasalt horizons

are defined based on seisnmstratigraphic terminations, such as onlaps and erosional
truncations(Fig. 5). We use hickness(isochore)maps and stratigraphic relationships to
determine the tectonic evolution of the minibasin (Figs 4, 5 aridbf¢. trat we measure stratal

thickness verticallyrather tharorthogonatlto bedding, i.e., we generate isochore rather than
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isopach maps. This mesthat the stratal thicknesslisplayed inour isochore mapshay be
slightly overestimated in the case of moderately dipping (g&Bata(i.e., as observed in SU1;

see below)However,we qualitycontrol our maps with observations from seismic refbecti
profiles, ensuring that the observed thickness patterns, which are critical for our interpretation
of the saltectonic evolution of the study area, are not simply an artefact of our seismic
interpretation methad he ages of the horizons, which spa@ltfiocene to Recerayedirectly
constrained i(e., top SU3 and SU6) or estimatede(, top SUX2 and SU45) from
biostratigraphic databtained froma borehole penetiag the central, thickest part of the
minibasin andits underlying weld Figs 4b-d, 52 and §. Our ageconstrained seismic
stratigraphic framework is important becausaidbles us to determine ti@ing and duration

of the majorsalttectonic eventsncluding thepotentialtiming of welding.

Boreholedata

We use data fromlaoreholedrilled in a water depth of d.,200 ft(1,300 m) to a total depth of
30,803 ft (9,389 m)Available datasetanclude well-logs, mud-logs, biostratigrapkc, and
operational reportsWell-logs cover the interva#,23521,422 ft(1,290-6,529 m), which
includesthe studiedweld (Fig. 6). Well-logs include gamma rdgAPI), sonic( s/ft), density
(g/cn?), neutron(ft¥/ft3), calper (in) and deep resistivitiohm-m) (Fig. 4). We usedlata from
thesewell-logs todetermineweld lithologyand thicknessyhich helpedunderstand its sealing
potential. These logs also hedg constraithelithology of materialabove and below the weld
which was critical when considerints seismicexpression at and lateral to therehole
location Biostratigraphic samples span 10,920300 ft (3,328,797 m) and were examined
by the borehole operator and partnats30 ft (9.1 m) increment8ecause these data are

confidential, we report here only the key geological age boursd@ig. 6).

Salt-tectonic structure

Basesalt relief

The allochthonoussalt forming theSigsbeeCanopy salt overlies areflective, clastic

dominated Late Jurassic to Miocensuccessionthe uppermost of which is Tortonao

earliestMessinian(i.e., Late MioceneFigs 5 and §. The base of th&igsbeesaltis rugose,



201 consising of a prominentNW-trending, steeply S¥dippingramp(c. 3®) that isat least 5000
202 ft (1,524 m)long, with relief of at least 2000 ft (609 m) (Figs, 4d, 5a and 3dNorth of ths
203 ramp,basesalt dis gently(c. 3) to theWNW, although lowrelief rugosityof a few hundred
204 metresis also locally observed in this ar@ags 4a, andba-b). Where the bassalt reflecton
205 lies beneath the seismic reflection volume, sucinabe west of the study areae infer the
206 presence of diapiric feeder thaprovidedsalt tothe Sigsbee @&opy (Pilcher et al., 2011
207 Jackson et al., 20)8Figs 4a, 4dand ®). As we will discuss below, basslt relief in
208 particular the NWrending ramp and the local structural high it delineatesimportant
209 controkonthe structural development of the sugedt minibasin

210

211 Distribution and thickness oflachthonoussalt

212

213 Thesaltthicknessvaries considerably across the study areappeardocally weldedin the
214 middle of the study areavhere it has beeexpelledfrom beneath a largeninibasin(Figs4b-
215 d and 5. In detail the weld is discontinuouscomprisng areas of (apparently) complete
216 welding andsmall elongate, wallike pockets of salthat are up to 3750 ft (1,143 m) thick and
217 2000 ft wide (Figsdb and 5. Some of these pockets océarthe footwall ofsaltdetached,
218 intraminibasin thrust (Figs5a ad 5 or at the base of sulkertical welds (Fig5d) (see
219 below). Thick (locally up to 21724 ft or 6,621m), diapiric salt seeminglyencirclesthe
220 minibasin.

221

222  Suprasaltminibasin

223

224 The suprasalt minibasin contains SerravalliaMi@ddle Miocene) toHolocenedeepwater
225 clastics(Fig. 6). It is important to note that the strata directly abtwe weldare older
226 (Serravalliamthan the strata directly underlying it (Messinian)Z0300 ft;Fig. 6); we discuss
227 the significance othis observatiorbelow. The geometry of the top salt surfgéeg. 4), and
228 thickness changes its lowermostpart (Fig. 4¢), indicate the studied minibasin is, at least in
229 its lower part, composed at leastsevensmaller broadly bowrshapedsubbasins(labelled
230 A-G; Fig.4d; see also Fich). These sulbasins are separated $gitdetachedhrusts thahave
231 pocketof saltpreserved in their footwalsee above; Figha and b or subvertical welds (Fig
232  3b, 3d and 5d)Thesethrustsshow highly variablestrikes (.e., N-S to ENEWSW) anddips
233 (i.e, Wto SSE), but we note that thaserestricted to the northern side of the bask ramp
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and its related structural higkig. 5d). All saltdetachedhrusts are flanked by hangingwall
anticlines and footwall synclines, and are overlain by unbreached monoclines, which we
interpret as faulpropagation folds (Figba-c). Strata within thelower sub-basinsand within

the overlying larger, singulaminibasin thin towards and onlap onto flankimiiapirs (most
clearly seen in Fig. 5d; see also 5h). We provide amore detailed description of the

minibasins seismistratigraphic patterns below.

Supra-salt minibasin seismic stratigraphy andevolution

Vertical changes in seism&tratigraphic patternand stratal thickness (FR¢ andb) suggest
the studiedminibasininitially comprisedat leastsevensubbasins andinderwentsix main
stages of structural developmewtedescribe and interprétesesubbasinsand relatedtages
below (see Fig.10), usingthe ageconstrainedseismiestratigraphic frameworKFig. 6) to

constrain their timing and duration

Stage 1(SerravallianMessinian

The thcknessmap ofSU1 show at leastsevendistinctsubbasins(A-F and H Fig. 7a) The
subbasinscontain broadlybowl- to locally wedgeshapedseismic packaged-ig. 5). Strata
within these packagemlapthe large, flanking diapirs and theckets of salbcally preserved
beneath the minibasiifrig. 5).

Based on these observations imterprethat theminibasin wasnitially comprised ofeven
smaller minibasins that independentlysubsidedsymmetrically andsubvertically (where
containing bowdshapedpackage¥ or slightly asymmetrically (whereontainingwedge
shapedackagekinto the allochthonousaltcanopyduring a phase of passive diapiri¢hig.
10A and B)(e.g.,Rowan & Weimer, 1999; Jackson et al., 20T®)ere is strong evidenctkat
these early minibasirs werelocated updip i(e., north) of their present location andere
translating basinwar.e., broadlysouttward) above the advancing salt candpyg. 10A and
B). This interpretation is supported by the observation that the minibagih b®und updip
and downdip by zones of extension and contraction, respectatgigesting it lies within a
domain hat hasundergone laterdtanslaton (see Jackson et.a2010; see also Duffy et al.,

2020; and(ii) spatially related to ramgyncline basins that record at least 40 km of horizontal



267 translation(Fernandez et al., 20R0This interpretationalso explains theage repetition

268 observedbove the weldwvhich suggestthis suprasalt sectiortannothave been depositéal

269 sity; i.e., whilst Serravallian and Messinian sediments werangdepositedat the base ahe

270 minibasin, sedimerdf a similar age were being depositemvndip in an area that was npét

271 covered by the advancing salt canapyltimately, the supraalt minibasin

272

273 Stage AMessinian

274

275 In contrast to SU1, which definegvensubbasinsdepocentresvithin SU2 define onlyfour

276 subbasins; a relatively large, bowhaped depocentreentred on the borehol¢an

277 amalgamation ofubbasirs A, D and B andtwo smallersubbasirs locatedto thenorth Gub

278 basin B,andsubbasinsC andF, whicharenow linked Fig. 7b). Strata within thessub-basirs

279 still onlap the large diapirs flanking the host minibasins although they do not onlap intra
280 minibasin diapirs, which were buried by strata within the upper part of SU1 (Fig. 5). Instead,
281 SU2 thins acrossind thdargerminibasin is segmentday, fault-related folds above the upper
282 tips of intraminibasin thrustéorming the boundary betweeifor example subbasinsB and

283 A (Fig. 5a), Band C (Fig. 5b), C and D (Fig. 5b), and A and E (Fig. 5a)

284

285 These seismiestratigraphic relationshgpindicae that the intraminibasin thrustsbecame

286 active andthus thathe causal shorteningitiated in the Messinia(see also Figi7band 10G.

287 We suggest thahe low-relief diapirsthat previously separateditsbasins defined by SU1

288 were squeezed artbe subbasins collidedo form steeply dippinghrust weldswith small

289 pocketsof the saltbeneaththese welds representing remnant diapir pede@tajs 5d-e and

290 100). The origin ofthis shortenings unclea. A possibleinterpretation is thalowndip (i.e.,

291 subbasin E; Fig. 4D) and updip sttfasins collided due to welding of the former against the
292 gently NWAdipping, basesalt rampas it translated downdipWe currently reject this

293 interpretation however given thatshortening and thrustingjearly occurred during the very
294  early stages of minibasin development, when the depocentre was relatively thin (i.e., c. 30% of
295 its eventual total thickness; Fig. 10C) and presumably surrowardednderlairby thick salt

296 (Figs 4C and 5)It is thusunlikely that shallow minibasinsiding on thick saltwould weld at

297 this time Instead, weentatively suggest that early shortening was induced by a more regional
298 eventoccurringoutside of the immdiate study area, such as lasgale obstruction of the
299 southwards advancing Sigsbee Canopy by aggrading sediment on the abysshil gi&sn.
300 casethe downdip sulbasin (i.e., subasin E; Fig. 4Dinay have decelerated and been collided

9
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into by the stl -translating, updip subasins (i.e., subasins A and D; Fig. 4Dgven if it had
not welded(Fernandez et al., 2020). However, we cannot determine this definitively with the

available dataset.

Stage IMessinianPiacenzia

SU3lies conformably above SU2 histcapped by a maj@ngularunconformitythattruncaes
underlyingreflections(Fig. 5). Although influenced by the cappimgosional surfacéig. 5),
thickness patterns within SW8earlydiffer to those observed BU1 and SU2. First, only two
main depocentres are defined; (i) a broadly-tthding depocentre north of the borehole
spanning sulbasins C, F, and the northern part of A; and (ii) a-cdudular depocentre
spanning sulbasins B and G (Figs 5 and 7c). Setothesethickness patterns are less
obviously controlled by intraninibasin thrusts or diapir$tratigraphic thinning above and
onlap onto thrustelated folds are locally observatithe base ddU3 althoughthe faults do
not propagatelp into this urt. The thrustrelated foldsalso dieout upwarddowards theop

of SU3 such that the uppermost, youngsstatabury underlying reliefand are largely

undeformed.

Theseobservatiossuggest that thrusting continued into dagliestPiacenzian, implyingntra-
minibasinshorteningvas ongoindthe origin of which was uncleggee abovejutthat ithad
slowed andiltimately ceased by thiate Piacenzian to Gelasiéifig. 10C) Uplift associated

with the shorteningand tilting of the minibasincombined with an influx of sediment across

the evolving canopy, may have led to the development of the erosional unconformity capping
SU3(not shown in Fig. 10

Stage 4GelasianPleistoceng

SU4 displays overalthickenng towards the NWHowever,in the northern part of the study
areawe observewo sub-circulardepocentres (Fig. 7Djelated to the filling of erosional relief
developedalongthe top Pliocene erosionainconformity (see Fig. 5BBEU4 also differs to
SU2 and SU3 in that is dominated by broadly layéweakly wedgeshaped seismic packages
that overstep and cap the minibalanking diapirs (Fig. 5)Most critically, however, SU4
shows no thickness changes with respect tontinaminibasinthrustrelated folds indicting

the minibasin was less segmentadd was subsiding as a single, large depocentre by the

10



335 Gelasian (Figs 57D and 10D). This also supports the interpretatioiat intra-minibasin
336 shortening has ceased by the Gelasldrere is however,syndepositional thickening in the
337 footwall ofa newly developed thrugult at theNE marginof the minibasin (Fig. 5¢c and 5d).
338 This fault has dow-displacement (<50 mdips NE, strikes NW-SE, and hasan arcuate
339 geometry in plarview (Fig. 4d).

340

341 Thedominanceof arealy extensiveayershapeddiapir-capping packages indicatpassive
342 diapirism hadceased at this tim@ossiblydueto weldinduced termination of salt supply to
343 the flanking diapirs (seBowan and Weimer, 1989ackson et al., 2019piven that thesupra
344 salt minibasin was travelling broadly southwaadd by this time was relatively thi, we
345 interpret thashorteningvas drivenby weldingagainst the gently WW-dippingflank of the
346 basesalt ramp (Fig. 10C) (e.g., Duffy et al., 2020his interpretton is also supported by the
347 orientation(i.e., bradly rampparallel) position(i.e., on the updip side of the minibasiahd
348 dip direction(i.e., the same as the dip of the ramps-towle flank)of the shallow thrusi.e.,
349 as aminibasin beconmeobstructeda local contractional zonmay developehindit asthe
350 updip overburden continues to push again@uffy et al., 2020)

351

352 The shift in depocentre toward theW, combined with the weakly wedghaped seismic
353 packages observed in similarly trending secspriofiles (Fig. 5a and 5S5byuggests that the
354 minibasin waslsotilting broadly northwestwards at this tim@ig. 10D) This tilting of the
355 minibasin could result from differential active rise ofthe flanking diapirs (Fig. 10D)
356 (Fernandez et al. 202@urther minibasin shortening, tilting, and related salt evacuation may
357 also have been associated watntinueddevelopmenof the weld (Ge et al., 2020).

358

359 Stage HLate Pleistocendiolocene?

360
361 SUS5 comprisebroadly tabular packages of sphrallel reflections that locally thin towards

362 flanking diapirs at the minibasin margjimut which invariably cap these structufeggs 5 and
363 7€). Growth strata and erosional truncation of the uplifted hangingwall iredamitinuedslip
364 on thestructurally shallowsaltdetached thrust at tidE minibasin margir(Fig. 5¢d).

365

366 The dominance of layeshaped seismic packagasross the study aremggestaminibasin
367 subsidence had ceasmodaggradatiorabove the ne-welded depocentres continu@tiowan

368 and Weimer, 1998Jackson et al., 2@L However, hinning of strata within SU5 towards
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369 flanking diapirs suggests these structures continued to actively rise, possibly in response to
370 ongoing shortening within the canophhis shortening maiave been accommodatidthe

371 overburderby the shallowlevelthruss (Figs 5a, 5b andOE).

372

373 Stage fLate Pleistocenéiolocene?)

374
375 SU6 defines a NWrending depocentre characterised by broadly lapeped seismic

376 packages thatap and show only moderate thickness changes within respect to miibasin
377 flanking diapirs (Figs 5 and 7fBased on this seismagtratigraphic architecture, which is
378 crudely like that observed in SU5, we suggest the latest Pleistocene to Holocene was
379 charaterised by only minor salt tectonias.@.,minibasin subsidence and/or diapir rise), and
380 dominated by deewater sediment aggradati¢fig. 10E)

381

382 Salt weld thickness and composition

383

384 The salbearing intervalpenetrated by the boreholee., the weld) is characterised by
385 anomalously low gamma ray values (c. 24 gAPI), high density223 g/cni), low neutron

386 porosity €0.50.2 pu.), high resistivityo{ 1F), low sonicslownessc. 68 s/ft)(i.e., it has a

387 highp-wavevelocity) (Figs 8 and R We note there is some scatter in these values, particularly
388 interms of density and sonic slownéss., velocity) an observation we discuss further below
389 Based on these criteria, we confidently pickswlatigraphically rather than seismicallgp

390 salt at 20255 ft (6174 m) and basat at 20379 ft (6212 minterpretng that the(apparent)

391 weldis 124 ft 38 m) thick anddominated by halitéFig. 9)(Rider and Kennedy, 2011; Jackson
392 etal.,, 2014, 2018 Mudlogging reportare consistent with owell-log-basednterpretation,

393 descriling only halite from tis approximate deptimterval However, ve alsonotethat the

394 halite is: (i) denser (by c. 0% g/cn?) than ideal values (Rider and Kennedy, 2011) and values
395 documented from elsewhere in thethern Gulf of Mexico for this rock type (Jackson et al.,
396 2018); and (ii) acoustically faster (by sonic slowness values @040 us/f) than values

397 documented from elsewhere in the northern Gulf of Mexico for this rock type (Jackson et al.,
398 2018) Weexpdore the potential reasons for this in the Discussion.

399

400 INTERPRETATION AND DISCUSSION

401

402 Age and salttectonic context of the salt weldand related canopy
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435

Previous regional studies suggest canopy emplaceimehis area of the northern Gulf of
Mexico occurredduring the MiddleLate Miocendn response toegional shortening and the
related extrusiof salt from diapiric feeders (Peel et al. 19933ing 3Dseismic reflection

and borehole data, Jackson et al. (2018) interprethibanajority ofcanopy emplacement in

the Atwater Valley areac. 100 km to the ENEf our study areavas in fact considerably later,
sometime in the Early Pleistocer@ur observation that the weld (and laterally equivalent salt
structures forming the canopy) studied hereingnediately underlain by late Miocene
(Messinian strata suggests canopy emplaeat in the late Mioceneonsistent with the age
originally proposed by Peel et al. (1995). Given that we use seismic reflection data of a broadly
similar vintage and, we infer, quality to that of Jackson et al. (2018), we propose that the
difference inlocal canopy emplacement reflectegional diachroneity in the timing of
emplacementrather than dataset qualifye., borehole data are of sufficient resolution to
constrain the age of sulnd suprasalt rocks and, thus, the timing of canopy emplaceseent;
Jackson et al. 2018). More specificallyis diachroneity might reflectystematic changes in

the timing of: (i) sediment loadirdriven evacuation of salt from the deep, Mesozoic nappe to
the shallower, Sigsbee Nappe; and/orr@gjionalshorteningdriven squeezingf diapirs that

then fed salt to the canoplyor example, feeders in the Atwater Valley area of Jackson et al.
(2018) may have been shortened and expelled salt later than elsewhere, meaning the canopy
advanced into this area only aftgrexiod of latest Miocene and Pliocene sediment aggradation.
An alternative interpretation is thavacuation ratesyhether loaeor shorteninedriven, were
regionally synchronous, but that locally higher sediment accumulation rates in the Atwater
Valley areameantthat salt breakout and canopy advance wetayed by aggrading sediment

in flanking minibasins.

Thestratigraphic repetitionbserved in the behole {.e., Serravallian strata overlying
youngerMessinian across an incomplete salt wetd)stlikely results fromthe downslope
translation of the minibasimwithin an evolving canopyWe interpret that deeywater
sedimentation within the developing minibasin commenced in the Serravallian when the
structure was located some distance upslope to the Adrtlad of the advancinganopyand
overlying minibasin, sedimenbf the same ageortinued aggraichg within underlying
minibasinsup until the MessinianAs a result, an agepetitionoccurred when the minibasin
translatecbver and welded tthe underlying minibasife.g.,Duffy et al., 2020; Fernandez et
al., 2020)
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436 Canopydynamics and related edding also controlledminibasinstructural style by
437  driving thrusting andolding (Fig. 10C) Contractionaktructures such dseseare common on
438 saltdetached slopes, forminmghenminibasins collidedue tq (i) amobileminibasin olliding
439 with aslowermoving,weldedor otherwiseobstructedninibasin(sensubDuffy et al, 2020; or
440 (i) two mobileminibasins collithg due to ongoing shortening (Jackson et al., 2008fy et
441 al., 202). In theformercase, the&ontractionaktructuresnost commonldevelopduring the
442 latter stages of minibasin developmemtceminibasirs become thick enough to touch down
443 on the basaalt surfacethus welding and forming an obstructidinis istypically associated
444  with the squeezingandin some casesventualsecondarywelding) of intervening diapirs
445  which readily explainthe formation of theelatively younghrust and related secondary weld
446 atarelatively shallow level on the NEargin of the studied minibas(fig. 5C, D) As the
447 minibasin migrated southwardseventuallywelded to thdow-relief flank of thebasesalt
448 ramp In contrast the relatively old contractional structuredserved at the base of the
449 minibasinmightnot have formed due t@elding, but mayinsteadrecorda more regionatalt
450 tectoniceventand the related collision of translating minibasins (Fernandez et al.).2020
451 Additional regional datafor example seismic reflection and borehole dataonstrainthe
452  kinematic history of adjacent minibasimse required to test this hypothesis

453

454  Geological geophysical, and petrophysicaéxpression of weldsand implications for the
455  process of welding

456

457  Although they are readily imaged in seismic reflection data from a range décalbic
458 settings, there are relatively few published examplesatifivelds penetrated by boreholes.
459 Such data are required to determine the completeness, composition, teoghysecal
460 expression of the weld and encasing wall rodkskson et al. (2014) show that a primary weld
461 intheSantos Basin, offshoi®razil isincompletgsensuWVagner, 2010; Wagner and Jackson,
462 2011), containing 22 m of carbonate, anhydrite, sandstomee marl, with halite absent. A
463 tertiary weld in the Atwater Valley area of the northern Gulf of Mexico is also incomplete;
464 however, rather than being haljeor, this c. 24 m thick weld is halittominated and contains
465 a 4 mthick mudstone inclusiofdackson et al., 2018Although data remain sparse, current
466 observations of salt composition and thickness are consistent avithodel whereby
467 compositional fractionation of salt occurs as thetsaitonic system evolves, i.e. more viscous,
468 less mobile and/or denser units are typically stranded within the deeper, autochthonous level,

469 trapped in primary welds, or stranded nearlihsal root of diapirs, whereas less viscous and/or
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470 less dense units form the cores of these diapirs and, potentially, genetically related
471 allochthonous sheets and canopies (Fig. 1) (cf. ‘differential purification by movement’: Kupfer
472 1968, see also Wagné& Jackson 2011; Jackson et al. 2014; 20@)rrent data are also
473 consistent withthe predictions of analyticaind numerical models presented by Wagner &
474  Jackson (2011), whicbuggest natural salt welds formed by viscous flow alone may contain
475 anywheregrom ' 1 m to up to c. 50 m of remnant sdiscous flowmay therefore ba good

476 analyticalapproximation of the physical processes occurring duringhsaiting and welding

477  viscous flow alone is unlikelynowever, ® resultin complete evacuation of sal

478 Our borehole datérom the northern Gulf of Mexico allow us to further test and refine
479 these relatednodek for salt welding during the development of midirel salttectonic

480 systemsOurdataindicate that the seismically imagtttiaryweld isincompletg(i.e.,it is an

481 “apparent weltf sensuJackson et al., 20)4beingdefined byc. 124 ft (38 m) of remnant

482  evaporitic rockgi.e., halite). This thickness is slightly more than previously documented in the
483 Santos Basin (Jackson et al., 2014) and elsewhere in the northern Gulf of Mexico (Jackson et
484 al., 2018), but is consistent with the analytical mduzbeded prediction of welding via viscous
485 flow (Wagner and Jackson, 201The halitehas a very cleaxpres®n in welklog data, being

486 characterised by relatively very low radioactivity (as expressed in gaayrlag data), and

487 high density, velocityi(e., low acoustic slowness), and resistvitiowever,as noted aboye

488 (i) our crossplot of halitedensity and velocity displays some scafkeg. 9); and (iithehalite

489 is denser than ideal valuies this rock typgRider and Kennedy, 20)and values documented
490 from natural halite penetrateglsewhere in the northern Gulf of Mexico for this rock type
491 (Jackson et al., 2018), and acoustically faster than vdl@anented from elsewhere in the
492 northern Gulf of Mexico (Jackson et al., 20I®)e former observation mightiggest the halite

493 could be slightly impure due to the presence of disseminated grains or thin laminae of denser
494  and acoustically fastee(g.,carbonate), or less dense and acoustically slavgrgiliciclastic)

495 material; ve infer thatthis effect, if present, is only very minor, given that the haétains

496 very different petrophysical properties thatof encasing clastic rock§ig. 9). Determining

497 why the halite is denser and acoustically faster is more challengingnoght reflect the fact

498 that differentioggingtoolsand drilling approaches (e.g., drilling fluidsreused to acquire

499 thedata inthedifferent boreholes.

500 Notwithstanding its slightly unusual petrophysical expression, the occurrence diabitdy

501 within the tertiary weld is at leastconsistent witha model of rheologicallycontrolled

502 compositional fractionatign.e., the less mobile unitge.qg., clastic, carbonate, or anhydrite
503 rocks)remain atthe deeper, autochthonous level, trapped imgmy welds, whereasore
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