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Abstract19

20

Welds form due to tectonically-induced thinning and/or dissolution of salt,with their21

composition and completenessthought toat least partlyreflect their structuralposition within22

the salt-tectonic system. Despite their importanceas sealsor migration pathways for23

accumulations ofhydrocarbonsand CO2, we have relatively fewpublishedexamples ofdrilled24

subsurface welds; such examples would allow us to improve our understanding of the processes25

and products of welding, and to test analytical models ofthe underlying mechanics.In this26

study weintegrate 3D seismic reflection and borehole data from theGreen Canyon Area of the27

northernGulf of Mexico, USA to characterize the geophysical and geological expression of a28

tertiary weld, as well as its broadersalt-tectonic context. These data show although it appears29

completeon seismic reflection data, the weld contains 124 ft (c. 38 m) of pure halite.This30

thicknessis consistent with thepredictions ofanalytical models, andwith observations from31

other natural examples of subsurface welds.Our observations also support a model whereby32

compositional fractionation of salt occurs as the salt-tectonic system evolves; in this model,33

less mobile and/or denser units, if originally present,are typically stranded within the deeper,34
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autochthonous level, trapped in primary welds, or near the basal root of diapirs, whereas less35

viscous and/or less dense units form the cores of these diapirs and, potentially, genetically36

related allochthonous sheets and canopies. We also showthat shearing of the weld during37

downslope translation of the overlying minibasin didnot lead to complete welding.38

39

Introduction40

41

Salt welds form in responseto the removal of salt by tectonically-induced thinning and/or42

dissolution(e.g., Jackson and Cramez, 1989;Rowan, 2004; Wagner & Jackson, 2011; Jackson43

et al., 2014; 2018; Jackson & Hudec, 2017). We can identify three main types of welds44

depending on thestructural level(i.e.,autochthonous or allochthonous)at which they occur in45

a salt-tectonic system; (i)primary; (ii) secondary; and (iii) tertiary (Fig. 1) (Jackson and46

Cramez, 1989). We can further classifytheseascomplete, incomplete, or discontinuousbased47

on thecontinuity and degree of welding(see Wagner & Jackson, 2011; see also fig. 1b in48

Jackson et al., 2014). The type of rock left within an apparent weld (or the incomplete parts of49

a discontinuous weld) principally reflects therheological variations betweenmore mobile50

evaporites(e.g.,halite, potash salts) andless mobilelithologies(e.g.,anhydrites, carbonates51

and/or clastics; Kupfer, 1968), and the positionof the weldwithin the overall salt-tectonic52

system(i.e.,primary, secondary, or tertiary; Fig. 1). For example, primary weldsmaybehalite-53

poor becauselower-viscosity, relatively mobilelithologies, such as halite,arepreferentially54

expelled (or dissolved) beforehigher-viscosity, less mobilelithologies (cf. ‘differential55

purification by movement’: Kupfer 1968). In contrast,tertiary weldsformed at structurally56

shallower levels in the salt-tectonic systemmaycontainonly the more mobile lithologies, such57

ashalite, with less mobilelithologies, if originally presentat the autochthonous level, stranded58

at depth(Fig. 1). In cases where the autochthonous salt is very pure andcomprises almost59

exclusivelymobile lithologies such as halite and potash salt, for example towards the basin60

centre (e.g., Clark et al., 1998; Jackson et al., 2019), welds developed atall structural levels61

will comprise only those lithologies. In other words, compositional fractionation (or62

differential purification by movement) will not occur because there is nothing to fractionate.63

64

Regardless of structural level and weld composition, analytical models show that viscous flow65

alone israrelysufficient to produce a complete weld (Wagner and Jackson, 2011). In this case,66

up to 50 m of salt may remain within the weld, apredictionsupported by the very few studies67
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of natural subsurfacesalt welds(Jackson et al., 2014; 2018). Wagner and Jackson (2011) argue68

that theremaining salt must be removedby dissolution.However, they also propose that69

viscous flow with a shear component, for exampledue to thehorizontal translation ofasupra-70

saltminibasin onto and along base-salt relief, maypromotethe complete removal ofsalt from71

a weld(Fig. 2). To date,however, relatively simple models linking salt weld composition and72

structural position, andanalytical model-based predictionsof weld thickness, have only rarely73

been directly tested by data fromnatural examples of exposed or subsurface salt welds(Jackson74

et al.,2014;2018).75

76

Understanding the composition and thickness of salt welds is critically important to the77

hydrocarbon industry (Rowan, 2004; Rowan et al., 2012)and those wishing to store CO2 in78

sub-salt reservoirs. Halite typically has very low permeability and can therefore act as a79

regional or local seal forhydrocarbons or CO2. However,weldsmayact asconduits for fluid80

migration if theyarerelatively thin and/or composed of non-halite lithologies (e.g.,intra-salt81

sandstone or carbonatestringers; Jackson et al., 2014).Understanding whena weld forms in82

relation tothe timing ofhydrocarbonmigrationis alsoimportant, given welding needs to occur83

before sub-salt source rock expulsion to charge a supra-salt trap(Peel, 2014).In the regionof84

the Gulf of Mexicothat isthe focus of this study,hydrocarbons are found within minibasinsat85

various levels within the salt-tectonic system, both below and above allochthonous salt,86

meaning it isalso important to understand the role of salt welds in controlling hydrocarbon87

migration within this particular region, with notable hydrocarbon fields in the vicinity88

including K2/K2-North, Marco Polo, Genghis Khan,Shenzi/Shenzi North, Mad Dog, and89

Atlantis (McBride et al., 1998; Mount et al., 2006; Weimer et al., 2017). At present,however,90

there is no clear way to predict ifa weld is complete or incomplete due to the lack of well91

penetrations, limited seismicresolution, and the poor preservation of some evaporite rock-92

types (e.g., halite) in the field (e.g., La PopaBasin, Mexico; Rowan et al., 2012; Flinders93

Range, Australia; Dyson and Rowan, 2004; Hearon et al., 2014; onshore Texas, US; Willis et94

al., 2001).95

96

In this study,we integrate3D seismic reflectionandborehole data fromtheGreen Canyon area97

of the northernGulf of Mexico,USA to characterize the geophysical and geological expression98

of an apparenttertiary salt weld(Fig. 3). The weld underlies an c. 8.5 kmthick minibasin that99

subsided into allochthonous salt forming partof the Sigsbee Canopy.Although the weld100

appearscompleteon seismic reflection data,our borehole-based analysisshows 124 ft (c. 38101
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m) of pure haliteis preserved(i.e., the weld isincomplete, at least at the borehole location, and102

may be best-classified asdiscontinuous). Thisthicknessis consistent with the analytical model-103

based predictions of Wagner & Jackson (2011), and observations from other naturalexamples104

of subsurface salt welds (Jackson et al., 2014; 2018). By studying the structural evolution of105

the overlying minibasin and flanking salt structures, we also place the weld within its broader106

salt-tectonic framework, showing that shearing of the weld during downslope translation of the107

overlying minibasin(see Fig. 1)did not lead to complete welding, at leastin the location108

penetrated by theborehole.109

110

GeologicalSetting111

112

The northernGulf of Mexicoinitially formedin the Late Triassic-Early Jurassic in response to113

rifting between the North American and African-South American plates(e.g., Pindell and114

Dewey, 1982; Kneller and Johnson, 2011; Hudec et al., 2013a). Terrestrial clastic-dominated115

syn-rift sedimentswereoverlainby a thick, extensive, evaporite-dominatedsuccession known116

as the Louann Salt, which was previously considered to be Callovian (e.g., Salvador, 1987),117

butthatis now dated as Bajocian (Pindell et al., 2019)(see alsoHazzard et al., 1947; Humphris,118

1978; Kneller and Johnson, 2011; Hudec et al., 2013b). The main Louann-Campeche salt basin119

wasdissected byopening of the central Gulf of Mexico in the earliest Late Jurassic. During the120

Late Jurassic and Early Cretaceous, the salt flowed out over newly formedoceanic crust in the121

evolving oceanbasin, forming an extensive, frontal allochthonous nappe (Hudec et al 2013a,b)122

that underlies our study area.Subsequentgravity-driven flow of these evaporitesduring the123

Cenozoicplayed a primary role in thestructuralevolution of the Gulf of Mexico and the124

distribution of overlying sediments. Minibasins subsidedinto both the autochthonousand125

allochthonoussalt,while salt flowed out ofdiapiric feedersand formedan allochthonous salt126

layerknown as theSigsbee Canopy(e.g., Diegel et al., 1995; Peelet al., 1995; Rowan, 1995;127

Pilcher et al., 2011). As this canopyadvanced basinwardduring the Oligocene to Miocene, a128

new generation ofminibasins subsided into and weretransportedbroadly south/south-129

eastwardson top of the advancing allochthonous body(seeFig. 2a) (e.g.,Jackson et al., 2010;130

Jackson and Hudec, 2017). Previous studies suggest that theseminibasins were carriedtens of131

kilometres basinward beforewelding, being flanked updip and downdip by kinematically132

linked zones of salt-detached extension and contraction, respectively(Fig. 2; see also fig. 20133

in Jackson et al., 2010; Duffy et al., 2020).The presence of ramp-syncline basins in this part134
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of the Sigsbee Canopyalso provide evidence forat least40 km of salt-detached minibasin135

translation across base-salt relief (Fernandez et al., 2021).136

137

The salt weld of interestin this studyis a tertiary weldlocatedbelow a minibasinthat has138

subsided into theSigsbeeCanopy, andwhich appearswelded toan underlyingminibasin. This139

minibasin is situated in the GreenCanyon Area of the northernGulf of Mexico, USAandclose140

to thefrontal edge of the advancing canopy(theSigsbee Escarpment), whose expression can141

be clearly seen in the present bathymetry (Fig. 3). In a salt tectonic context, the studied142

minibasin and underlyingweld lie within the ‘amalgamated salt-stock-canopy province’ of143

Pilcher et al.(2011), the upper part of which is characterised by a network of minibasins144

surrounded by canopy-sourced diapirs and related welds (Fig. 1b).145

146

Data andmethods147

148

Seismicreflectiondataand seismic-stratigraphic framework149

150

We use a 3D pre-stack depth migrated (PSDM) seismic reflection volumethatcovers c. 150151

km2 (12.5 x 12 km),and which hasan inline and crossline spacing of 20 m(Figs3 and 4). The152

available datavolume is cropped ata depth of23,760 ft (7,200 m) from a survey that images153

to significantly greater depth. Seismic data quality is very goodwithin the interval of interest,154

with the weld and encasing strata being very well-imaged(Fig. 5). We estimate thevertical155

seismic resolution within the depth interval at which the weld is developed (c. 20,000 ft; c. 6.1156

km) to bec. 62 ft (c. 20 m)(resolution is approximated bythe assumption that it equals��/4,157

where ��=80 m at 20,000 ft). We display the seismic data using US normal polarity (i.e., a158

downward increase in acoustic impedance is represented by a negative reflection coefficient,159

which is a whitereflection eventin our images; Brown, 2011) (Fig.5).160

161

We mappedeightkey seismic horizonscomprisingtop and base salt,andsix supra-saltseismic162

horizonsthat definesix seismic units(SU1-6; Figs 4a-c, 5 and 6). Thesix supra-salt horizons163

are defined based on seismic-stratigraphic terminations, such as onlaps and erosional164

truncations(Fig. 5). We use thickness(isochore)maps and stratigraphic relationships to165

determine the tectonic evolution of the minibasin (Figs 4, 5 and 7).Note that we measure stratal166

thickness vertically, rather thanorthogonalto bedding, i.e., we generate isochore rather than167
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isopach maps. This means that the stratal thicknessesdisplayed inour isochore mapsmay be168

slightly overestimated in the case of moderately dipping (<25�q) strata(i.e., as observed in SU1;169

see below). However,we quality-control our maps with observations from seismic reflection170

profiles, ensuring that the observed thickness patterns, which are critical for our interpretation171

of the salt-tectonic evolution of the study area, are not simply an artefact of our seismic172

interpretation method. The ages of the horizons, which span the Miocene to Recent,aredirectly173

constrained (i.e., top SU3 and SU6) or estimated (i.e., top SU1-2 and SU4-5) from174

biostratigraphic dataobtained froma borehole penetrating the central, thickest part of the175

minibasin andits underlying weld (Figs 4b-d, 5e and 6). Our age-constrained seismic-176

stratigraphic framework is important because itenables us to determine thetiming and duration177

of the majorsalt-tectonic events, including thepotentialtiming of welding.178

179

Boreholedata180

181

We use data from aboreholedrilled in a water depth of c.4,200 ft(1,300m) to a total depth of182

30,803 ft (9,389 m).Available datasetsinclude well-logs, mud-logs, biostratigraphic, and183

operational reports.Well-logs cover the interval4,235-21,422 ft (1,290-6,529 m), which184

includesthestudiedweld (Fig. 6). Well-logs include gamma ray(gAPI), sonic(��s/ft), density185

(g/cm3), neutron(ft3/ft3), caliper (in) and deep resistivity(ohm-m) (Fig. 4). We useddata from186

thesewell-logs todetermineweld lithologyand thickness,whichhelpedunderstand its sealing187

potential.These logs also helped constrainthelithology of materialabove and below the weld,188

which was critical when consideringits seismicexpression at and lateral to theborehole189

location. Biostratigraphic samples span 10,920-22,300 ft (3,328-6,797 m) and were examined190

by the borehole operator and partnersat 30 ft (9.1 m) increments.Because these data are191

confidential, we report here only the key geological age boundaries (Fig. 6).192

193

Salt-tectonicstructure194

195

Base-salt relief196

197

The allochthonoussalt forming theSigsbeeCanopy salt overlies areflective, clastic-198

dominated, Late Jurassic to Miocenesuccession, the uppermost of which is Tortonian-to-199

earliestMessinian(i.e., Late Miocene;Figs 5 and 6). The base of theSigsbeesalt is rugose,200
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consisting of a prominent, NW-trending, steeply SW-dippingramp(c. 30º) that isat least 5000201

ft (1,524 m)long, with relief of at least 2000 ft (609 m) (Figs4a, 4d, 5a and 5d). North of this202

ramp,base-salt dips gently(c. 3º) to theWNW, although low-relief rugosityof a few hundred203

metresis also locally observed in this area(Figs 4a, and5a-b). Where the base-salt reflection204

lies beneath the seismic reflection volume, such asin the west of the study area, we infer the205

presence of adiapiric feeder thatprovidedsalt tothe Sigsbee Canopy (Pilcher et al., 2011;206

Jackson et al., 2018) (Figs 4a, 4dand 5e). As we will discuss below, base-salt relief, in207

particular the NW-trending ramp and the local structural high it delineates,are important208

controls on the structural development of the supra-salt minibasin.209

210

Distribution and thickness of allochthonoussalt211

212

The salt thicknessvaries considerably across the study area. It appearslocally weldedin the213

middle of the study area, where it has beenexpelledfrom beneath a largeminibasin(Figs4b-214

d and 5). In detail, the weld is discontinuous,comprising areas of (apparently) complete215

welding andsmall, elongate, wall-like pockets of saltthat are up to 3750 ft (1,143 m) thick and216

2000 ft wide (Figs4b and 5). Some of these pockets occurin the footwall ofsalt-detached,217

intra-minibasin thrusts (Figs5a and 5b) or at the base of sub-vertical welds (Fig.5d) (see218

below). Thick (locally up to 21,724 ft or 6,621m), diapiric salt seeminglyencirclesthe219

minibasin.220

221

Supra-salt minibasin222

223

The supra-salt minibasin contains Serravallian (Middle Miocene) toHolocenedeep-water224

clastics(Fig. 6). It is important to note that the strata directly abovethe weldare older225

(Serravallian) than the strata directly underlying it (Messinian) (c. 20300 ft;Fig.6); we discuss226

the significance ofthis observationbelow.The geometry of the top salt surface(Fig. 4), and227

thickness changes inits lowermostpart (Fig. 4c), indicate the studied minibasin is, at least in228

its lower part, composed ofat leastsevensmaller, broadly bowl-shapedsub-basins(labelled229

A-G; Fig.4d; see also Fig.5). These sub-basins are separated bysalt-detachedthrusts thathave230

pocketsof saltpreserved in their footwall(see above; Fig.5a and b) or sub-vertical welds (Figs231

3b, 3d and 5d). Thesethrustsshow highly variablestrikes (i.e., N-S to ENE-WSW) anddips232

(i.e., W to SSE), but we note that theyarerestricted to the northern side of the base-salt ramp233
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and its related structural high(Fig. 5d). All salt-detachedthrusts are flanked by hangingwall234

anticlines and footwall synclines, and are overlain by unbreached monoclines, which we235

interpret as fault-propagation folds (Fig.5a-c). Strata within thelower sub-basinsandwithin236

the overlying, larger, singularminibasin, thin towards and onlap onto flankingdiapirs(most237

clearly seen in Fig. 5d-e; see also 5a-b). We provide amore detailed description of the238

minibasins seismic-stratigraphic patterns below.239

240

Supra-salt minibasin seismic stratigraphy andevolution241

242

Vertical changes in seismic-stratigraphic patternsand stratal thickness (Figs 5 and6) suggest243

the studiedminibasininitially comprisedat leastsevensub-basins andunderwentsix main244

stages of structural development. Wedescribe and interpretthesesub-basinsand relatedstages245

below (see Fig.10), using the age-constrainedseismic-stratigraphic framework(Fig. 6) to246

constrain their timing and duration.247

248

Stage 1(Serravallian-Messinian)249

250

The thicknessmap ofSU1 shows at leastsevendistinctsub-basins(A-F and H; Fig. 7a). The251

sub-basinscontain broadlybowl- to locally wedge-shapedseismic packages(Fig. 5). Strata252

within these packagesonlapthe large, flanking diapirs and thepockets of saltlocally preserved253

beneath the minibasin(Fig. 5).254

255

Based on these observations we interpretthat theminibasin wasinitially comprised ofseven256

smaller minibasins that independentlysubsidedsymmetrically andsub-vertically (where257

containing bowl-shapedpackages), or slightly asymmetrically (wherecontaining wedge-258

shapedpackages) into theallochthonoussaltcanopyduring a phase of passive diapirism(Fig.259

10A and B)(e.g.,Rowan & Weimer, 1999; Jackson et al., 2019).There is strong evidencethat260

these early minibasins werelocated updip (i.e., north) of their present location andwere261

translating basinward(i.e.,broadlysouthward) above the advancing salt canopy(Fig. 10A and262

B). This interpretation is supported by the observation that the minibasin is: (i) bound updip263

and downdip by zones of extension and contraction, respectively, suggesting it lies within a264

domain that hasundergone lateraltranslation (see Jackson et al., 2010; see also Duffy et al.,265

2020); and(ii) spatially related to ramp-syncline basins that record at least 40 km of horizontal266
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translation (Fernandez et al., 2020). This interpretationalso explains theage repetition267

observedabove the weld, which suggeststhissupra-salt sectioncannothave been depositedin268

situ; i.e., whilst Serravallian and Messinian sediments werebeingdepositedat the base ofthe269

minibasin, sedimentof a similar age were being depositeddowndip, in an area that was notyet270

covered by the advancing salt canopyor ultimately, the supra-salt minibasin.271

272

Stage 2(Messinian)273

274

In contrast to SU1, which definedsevensub-basins,depocentreswithin SU2 define onlyfour275

sub-basins; a relatively large, bowl-shaped depocentrecentred on the borehole(an276

amalgamation ofsub-basinsA, D and E) andtwo smallersub-basins locatedto thenorth (sub-277

basin B,andsub-basinsC andF, whicharenow linked; Fig. 7b). Strata within thesesub-basins278

still onlap the large diapirs flanking the host minibasins although they do not onlap intra-279

minibasin diapirs, which were buried by strata within the upper part of SU1 (Fig. 5). Instead,280

SU2 thins across, and thelargerminibasin is segmentedby, fault-related folds above the upper281

tips of intra-minibasin thrustsforming the boundary between, for example,sub-basinsB and282

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

284

These seismic-stratigraphic relationships indicate that the intra-minibasin thrustsbecame285

active, andthus thatthe causal shorteninginitiated in the Messinian(see also Figs7band 10C).286

We suggest thatthe low-relief diapirsthat previously separated sub-basins defined by SU1287

were squeezed andthe sub-basins collidedto form steeply dippingthrust welds, with small288

pocketsof the saltbeneaththese welds representing remnant diapir pedestals(Figs 5d-e and289

10C). The origin ofthis shorteningis unclear. A possibleinterpretation is thatdowndip (i.e.,290

sub-basin E; Fig. 4D) and updip sub-basins collided due to welding of the former against the291

gently NW-dipping, base-salt ramp as it translated downdip. We currently reject this292

interpretation, however,given thatshortening and thrustingclearly occurred during the very293

early stages of minibasin development, when the depocentre was relatively thin (i.e., c. 30% of294

its eventual total thickness; Fig. 10C) and presumably surroundedand underlainby thick salt295

(Figs 4C and 5).It is thusunlikely that shallow minibasins, riding on thick salt, would weld at296

this time. Instead, wetentatively suggest that early shortening was induced by a more regional297

eventoccurringoutside of the immediate study area, such as large-scale obstruction of the298

southwards advancing Sigsbee Canopy by aggrading sediment on the abyssal plain.In this299

case, the downdip sub-basin (i.e., sub-basin E; Fig. 4D)may have decelerated and been collided300
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into by the still -translating, updip sub-basins (i.e., sub-basins A and D; Fig. 4D), even if it had301

not welded(Fernandez et al., 2020). However, we cannot determine this definitively with the302

available dataset.303

304

Stage 3(Messinian-Piacenzian)305

306
SU3lies conformably above SU2 butis capped by a majorangularunconformitythattruncates307

underlyingreflections(Fig. 5). Although influenced by the cappingerosional surface(Fig. 5),308

thickness patterns within SU3clearlydiffer to those observed inSU1 and SU2. First, only two309

main depocentres are defined; (i) a broadly NE-trending depocentre north of the borehole310

spanning sub-basins C, F, and the northern part of A; and (ii) a sub-circular depocentre311

spanning sub-basins B and G (Figs 5 and 7c). Second, thesethickness patterns are less312

obviously controlled by intra-minibasin thrusts or diapirs. Stratigraphic thinning above and313

onlap onto thrust-related folds are locally observedat the base ofSU3, althoughthe faults do314

not propagateup into this unit. The thrust-related foldsalso die-out upwardstowards thetop315

of SU3, such that the uppermost, youngeststratabury underlying reliefand are largely316

undeformed.317

318

Theseobservationssuggest that thrusting continued into theearliestPiacenzian, implyingintra-319

minibasinshorteningwas ongoing(the origin of which was unclear; see above),but that ithad320

slowed andultimatelyceased by thelate Piacenzian to Gelasian(Fig. 10C). Uplift associated321

with theshorteningand tiltingof the minibasin, combined with an influx of sediment across322

the evolving canopy, may have led to the development of the erosional unconformity capping323

SU3(not shown in Fig. 10).324

325

Stage 4(Gelasian-Pleistocene)326

327

SU4displays overallthickening towards the NW. However,in the northern part of the study328

areawe observe two sub-circulardepocentres (Fig. 7D),related to the filling of erosional relief329

developedalongthe top Pliocene erosionalunconformity (see Fig. 5B).SU4 also differs to330

SU2 and SU3 in that itis dominated by broadly layer-/weakly wedge-shaped seismic packages331

that overstep and cap the minibasin-flanking diapirs (Fig. 5).Most critically, however, SU4332

shows no thickness changes with respect to theintra-minibasinthrust-related folds, indicting333

the minibasin was less segmented, and was subsiding as a single, large depocentre by the334
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Gelasian (Figs 5, 7D and 10D). This also supports the interpretationthat intra-minibasin335

shortening has ceased by the Gelasian.There is, however,syn-depositional thickening in the336

footwall of a newly developed thrustfault at theNE marginof the minibasin (Fig. 5c and 5d).337

This fault has alow-displacement (<50 m), dips NE, strikes NW-SE, and hasan arcuate338

geometry in plan-view (Fig. 4d).339

340

Thedominanceof areally extensive,layer-shaped,diapir-capping packages indicatespassive341

diapirism hadceased at this time,possiblydueto weld-induced termination of salt supply to342

the flanking diapirs (seeRowan and Weimer, 1989;Jackson et al., 2019). Given that thesupra-343

salt minibasin was travelling broadly southwardand by this time was relatively thick, we344

interpret thatshorteningwas drivenby weldingagainst the gently WNW-dippingflank of the345

base-salt ramp (Fig. 10C) (e.g., Duffy et al., 2020).This interpretation is also supported by the346

orientation(i.e., broadly ramp-parallel), position(i.e., on the updip side of the minibasin), and347

dip direction(i.e., the same as the dip of the ramps low-angle flank)of the shallow thrust, i.e.,348

as a minibasin becomes obstructed, a local contractional zonemay developbehindit as the349

updip overburden continues to push againstit (Duffy et al., 2020).350

351

The shift in depocentre toward theNW, combined with the weakly wedge-shaped seismic352

packages observed in similarly trending seismic profiles (Fig. 5a and 5b),suggests that the353

minibasin wasalsotilting broadly north-westwards at this time(Fig. 10D). This tilting of the354

minibasin could result from differential active rise ofthe flanking diapirs (Fig. 10D)355

(Fernandez et al. 2020).Further minibasin shortening, tilting, and related salt evacuation may356

also have been associated withcontinueddevelopmentof the weld (Ge et al., 2020).357

358

Stage 5(Late Pleistocene-Holocene?)359

360
SU5 comprises broadly tabular packages of sub-parallel reflections that locally thin towards361

flanking diapirs at the minibasin margins, but which invariably cap these structures(Figs 5 and362

7e). Growth strata and erosional truncation of the uplifted hangingwall indicate continuedslip363

on thestructurally shallow,salt-detached thrust at theNE minibasin margin(Fig. 5c-d).364

365

The dominance of layer-shaped seismic packagesacross the study areasuggestsminibasin366

subsidence had ceasedandaggradationabove the now-welded depocentres continued(Rowan367

and Weimer, 1998;Jackson et al., 2019). However, thinning of strata within SU5 towards368
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flanking diapirs suggests these structures continued to actively rise, possibly in response to369

ongoing shortening within the canopy. This shortening mayhave been accommodatedin the370

overburdenby the shallow-level thrusts (Figs 5a, 5b and10E).371

372

Stage 6(Late Pleistocene-Holocene?)373

374
SU6 defines a NW-trending depocentre characterised by broadly layer-shaped seismic375

packages thatcap and show only moderate thickness changes within respect to minibasin-376

flanking diapirs (Figs 5 and 7f).Based on this seismic-stratigraphic architecture, which is377

crudely like that observed in SU5, we suggest the latest Pleistocene to Holocene was378

characterised by only minor salt tectonics (e.g.,minibasin subsidence and/or diapir rise), and379

dominated by deep-water sediment aggradation(Fig. 10E).380

381

Salt weld thickness and composition382

383

The salt-bearing intervalpenetrated by the borehole(i.e., the weld) is characterised by384

anomalously low gamma ray values (c. 24 gAPI), high density (2.4-2.95 g/cm3), low neutron385

porosity (-0.5-0.2 pu.), high resistivity (c. 103), low sonicslowness(c. 68 s/ft)(i.e., it has a386

highp-wavevelocity) (Figs 8 and 9). We note there is some scatter in these values, particularly387

in terms of density and sonic slowness(i.e., velocity), an observation we discuss further below.388

Based on these criteria, we confidently picked, stratigraphically rather than seismically,top389

salt at 20255 ft (6174 m) and base-salt at 20379 ft (6212 m), interpreting that the(apparent)390

weldis 124 ft (38 m) thick anddominated by halite(Fig. 9)(Rider and Kennedy, 2011; Jackson391

et al., 2014, 2018). Mudlogging reportsare consistent with ourwell-log-basedinterpretation,392

describing only halite from this approximate depthinterval. However, we alsonotethat the393

halite is: (i) denser (by c. 0.4-1 g/cm3) than ideal values (Rider and Kennedy, 2011) and values394

documented from elsewhere in the northern Gulf of Mexico for this rock type (Jackson et al.,395

2018); and (ii) acoustically faster (by sonic slowness values ofc. 20-40 us/ft) than values396

documented from elsewhere in the northern Gulf of Mexico for this rock type (Jackson et al.,397

2018). Weexplore the potential reasons for this in the Discussion.398

399

INTERPRETATION AND DISCUSSION400

401

Age and salt-tectonic context of the salt weldand related canopy402
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403

Previous regional studies suggest canopy emplacementin this area of the northern Gulf of404

Mexico occurredduring the Middle–Late Miocenein response toregional shortening and the405

related extrusionof salt from diapiric feeders (Peel et al. 1995).Using 3Dseismic reflection406

and borehole data, Jackson et al. (2018) interpret thatthe majority ofcanopy emplacement in407

the Atwater Valley area, c. 100 km to the ENEof our study area, was in fact considerably later,408

sometime in the Early Pleistocene.Our observation that the weld (and laterally equivalent salt409

structures forming the canopy) studied here isimmediately underlain by late Miocene410

(Messinian) strata suggests canopy emplacement in the late Miocene, consistent with the age411

originally proposed by Peel et al. (1995). Given that we use seismic reflection data of a broadly412

similar vintage and, we infer, quality to that of Jackson et al. (2018), we propose that the413

difference in local canopy emplacement reflectsregional diachroneity in the timing of414

emplacement,rather than dataset quality(i.e., borehole data are of sufficient resolution to415

constrain the age of sub- and suprasalt rocks and, thus, the timing of canopy emplacement;see416

Jackson et al. 2018). More specifically,this diachroneity might reflectsystematic changes in417

the timing of: (i) sediment loading-driven evacuation of salt from the deep, Mesozoic nappe to418

the shallower, Sigsbee Nappe; and/or (ii)regionalshortening-drivensqueezingof diapirs that419

then fed salt to the canopy. For example, feeders in the Atwater Valley area of Jackson et al.420

(2018) may have been shortened and expelled salt later than elsewhere, meaning the canopy421

advanced into this area only after aperiod of latest Miocene and Pliocene sediment aggradation.422

An alternative interpretation is thatevacuation rates,whether load- or shortening-driven, were423

regionally synchronous, but that locally higher sediment accumulation rates in the Atwater424

Valley areameantthat salt breakout and canopy advance weredelayed by aggrading sediment425

in flanking minibasins.426

Thestratigraphic repetitionobserved in the borehole (i.e.,Serravallian strata overlying427

youngerMessinian across an incomplete salt weld)most likely results fromthe downslope428

translation of the minibasinwithin an evolving canopy. We interpret that deep-water429

sedimentation within the developing minibasin commenced in the Serravallian when the430

structure was located some distance upslope to the north.Ahead of the advancingcanopyand431

overlying minibasin, sedimentof the same agecontinued aggrading within underlying432

minibasinsup until the Messinian. As a result, an agerepetitionoccurred when the minibasin433

translatedover and welded tothe underlying minibasin(e.g.,Duffy et al., 2020; Fernandez et434

al., 2020).435
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Canopydynamics and related welding also controlledminibasinstructural style by436

driving thrusting andfolding (Fig. 10C). Contractionalstructures such astheseare common on437

salt-detached slopes, formingwhenminibasins collidedue to; (i) amobileminibasin colliding438

with aslower-moving,weldedor otherwiseobstructedminibasin(sensuDuffy et al., 2020); or439

(ii) two mobileminibasins colliding due to ongoing shortening (Jackson et al., 2008; Duffy et440

al., 2021). In theformercase, thecontractionalstructuresmost commonlydevelopduring the441

latter stages of minibasin development, onceminibasins become thick enough to touch down442

on the base-salt surface, thus welding and forming an obstruction. This istypically associated443

with the squeezing(and in some caseseventualsecondarywelding) of intervening diapirs,444

which readily explainsthe formation of therelatively youngthrust and related secondary weld445

at a relatively shallow level on the NEmargin of the studied minibasin(Fig. 5C, D). As the446

minibasin migrated southwards iteventuallywelded to thelow-relief flank of thebase-salt447

ramp. In contrast, the relatively old contractional structuresobserved at the base of the448

minibasinmightnot have formed due towelding, but mayinsteadrecorda more regionalsalt-449

tectoniceventand the related collision of translating minibasins (Fernandez et al., 2020).450

Additional regional data, for example seismic reflection and borehole datato constrainthe451

kinematic history of adjacent minibasins,are required to test this hypothesis.452

453

Geological, geophysical, and petrophysicalexpression of weldsand implications for the454

process of welding455

456

Although they are readily imaged in seismic reflection data from a range of salt-tectonic457

settings, there are relatively few published examples ofsalt welds penetrated by boreholes.458

Such data are required to determine the completeness, composition, and petrophysical459

expression of the weld and encasing wall rocks.Jackson et al. (2014) show that a primary weld460

in theSantos Basin, offshoreBrazil is incomplete(sensuWagner, 2010; Wagner and Jackson,461

2011), containing 22 m of carbonate, anhydrite, sandstone, and marl, with halite absent. A462

tertiary weld in the Atwater Valley area of the northern Gulf of Mexico is also incomplete;463

however, rather than being halite-poor, this c. 24 m thick weld is halite-dominated and contains464

a 4 m-thick mudstone inclusion(Jackson et al., 2018). Although data remain sparse, current465

observations of salt composition and thickness are consistent witha model whereby466

compositional fractionation of salt occurs as the salt-tectonic system evolves, i.e. more viscous,467

less mobile and/or denser units are typically stranded within the deeper, autochthonous level,468

trapped in primary welds, or stranded near the basal root of diapirs, whereas less viscous and/or469
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less dense units form the cores of these diapirs and, potentially, genetically related470

allochthonous sheets and canopies (Fig. 1) (cf. ‘differential purification by movement’: Kupfer471

1968; see also Wagner & Jackson 2011; Jackson et al. 2014; 2018). Current data are also472

consistent withthe predictions of analyticaland numerical models presented by Wagner &473

Jackson (2011), whichsuggest natural salt welds formed by viscous flow alone may contain474

anywherefrom �' 1 m to up to c. 50 m of remnant salt.Viscous flowmay therefore bea good475

analyticalapproximation of the physical processes occurring during saltthinning and welding;476

viscous flow alone is unlikely, however, to resultin complete evacuation of salt.477

Our borehole datafrom the northern Gulf of Mexico allow us to further test and refine478

these relatedmodels for salt welding during the development of multi-level salt-tectonic479

systems. Ourdataindicate that the seismically imagedtertiaryweld isincomplete(i.e., it is an480

“apparent weld” ; sensuJackson et al., 2014), beingdefined byc. 124 ft (38 m) of remnant481

evaporitic rocks(i.e., halite). This thickness is slightly more than previously documented in the482

Santos Basin (Jackson et al., 2014) and elsewhere in the northern Gulf of Mexico (Jackson et483

al., 2018), but is consistent with the analytical model-based prediction of welding via viscous484

flow (Wagner and Jackson, 2011).Thehalitehas a very clearexpression in well-log data, being485

characterised by relatively very low radioactivity (as expressed in gamma-ray log data), and486

high density, velocity (i.e., low acoustic slowness), and resistivity. However,as noted above;487

(i) our cross-plot of halitedensity and velocity displays some scatter(Fig. 9); and (ii)thehalite488

is denser than ideal valuesfor this rock type(Rider and Kennedy, 2011) and values documented489

from natural halite penetratedelsewhere in the northern Gulf of Mexico for this rock type490

(Jackson et al., 2018), and acoustically faster than valuesdocumented from elsewhere in the491

northern Gulf of Mexico (Jackson et al., 2018).The former observation mightsuggest the halite492

could be slightly impure due to the presence of disseminated grains or thin laminae of denser493

and acoustically faster (e.g.,carbonate), or less dense and acoustically slower (e.g.,siliciclastic)494

material; we infer thatthis effect, if present, is only very minor, given that the haliteretains495

very different petrophysical propertiesto thatof encasing clastic rocks(Fig. 9). Determining496

why the halite is denser and acoustically faster is more challenging, but it might reflect the fact497

that differentloggingtoolsand drilling approaches (e.g., drilling fluids)wereused to acquire498

thedata inthedifferent boreholes.499

Notwithstanding its slightly unusual petrophysical expression, the occurrence of onlyhalite500

within the tertiary weld is at least consistent witha model of rheologically-controlled501

compositional fractionation, i.e., the less mobile units(e.g.,clastic, carbonate, or anhydrite502

rocks) remain atthe deeper, autochthonous level, trapped in primary welds, whereasmore503


