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Abstract

Higley Basin, located near the western margin of the Basin and Range Prowiantah
Arizona, is a dep (>3,000 m)Miocenehalf-graben characterized by displacement along both
high- and lowangle normal faults; displacement along these faults has created accommodation
space for thick volcanic sequences followed by more recent fluvial, alluvial, and colluvial
deposits.Higley Basin occupies a unique location near a transition in the vergence of major
detachment fault systems largely responsible for the exhumation of a belt of metamorphic core
complexes in the regionlo the west and north, major detachment faults generallpdipe
northeast, while to the south and east of the basin, major detachment faults generally dip to the
southwest.Kinematic arguments require these detachmerihsesto terminatein a zone
between the twéault domains(zoneof accommodationXrending roughly parallel to regional
extension Interpretation of geophysical datasets from central Arizona indicateppositely
vergent, lowangle faultgartly terminateasbranching, overlapping fault systems witliigley
Basinand the immediateicinity. Features other than those within the basin must also partly
accommodate the opposing vergence of the twoiant detachment systemshug thezone
of accommodatiors inferred to extend either to the northeast buried beneath later vologksc ro
of the Superstition Mountains or to the southwest beneath young surficial deposits.

Multiple major fault systems are observed or inferreddgoreasén throw and tip out
within or neaHigley Basin. As dip along an individual structure is reduc#ue formatiornof
local, largeoffset detachment surfacesprevented This could preludesufficient tectonic
unloading to promote isostatiespons®f the lower plate in the detachment system and may
preclude the development of core complexear the terminations of detachment domains.

Also, the lack of major isostatic response may prevent progressive back rotation of major fault



systems near their termis, and thus the faults remaihsteeper dips and produce a deeper

basin.
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1. Introduction

Higley Basin(Figure 1A)is located in a belt of metamorphic core complexes along the
length of the North American Cordillera (Coney, 1980). To the southeast, detachment faults
generally dip to the southwestth top-to-the-southwest sense of movement,andado the
northwestdetachment faults generally dip towards the northeast topto-the-northeast sense
of shear (Wust, 1986; Richards et al., 2000). The two adjacent core complexes, South Mountains
and Picach&lountains located to the northwest and southeast of theysiteh, respectively,
each show evidence for oppositely vergent (antithetic) detachment surfaces (Richards et al.,
2000). Each of the respective detachment domains must somehow terminate in the vicinity of
Higley Basin The diffuse region in which thegdemains terminate is negenetically referred to
hereasazone of accommodation (Figur&)L Much attention has been focused toward
extensioml culminations, namely the metamorphic core complexes of the regiencaghe
lateral terminatioeand segmematiors of the same extensional regimes have received relatively
little attention. However, understanding tlké&ematicsand geometries of terminating fault
domains (regions of generally uniform fault dip) is becoming increasingly impontéme istudy
of extended orogens and associated Isassninterest in subsurface mineral, hydrocarbon, and
water resources increases.

Recent and vintage geophysical datasets peawa insight intahe style, timing, and
geometry ofCenozoic extension in the viciniof Higley Basin, a complicated hajfaben near
the Basin and Ran@eColorado Plateau transition in central Arizonéne™Higley Basin is
bounded by the Superstition Mountains to the northemsfithe Santan Mountains to the south,
and the SoutMountains core complex to the we Deformed Cenozoic basin fill records

regional crustal extension since the filiertiary. Accommodation space was created along a



series of highand lowangle faults, and has been filled with volcanic and sedimentary strata
from the nearby Superstition volcanic field anrlying silts,salt and gravels

Heterogeneous slip on individual faults and across fault systems produoeslreg
segmentation of uniformigtipping extensional terranes (Faulds and Varga, 1998; Suohlewl
Withjack, 2009). These fault systems must somehow terminate both along and perpendicular to
strike intransform faultor features variously named transform zorsEgommodation zones,
and faultdomain boundarie®(g., Scott and Rosendahl, 1989; Morley et al., 1990; Faulds and
Varga, 1998Schlische and Withjack, 2009Here, the terminology of Fawddand Varga (1998)
is used to avoid confusion with other terms in the literature

Faulds and Vaga (1998) definewo primary wayso laterally terminatextensional
domainsiaccommodation zones and transfer zorles ansf er zones are descr
zonesof strikeslip and obliqueslip faults that strike parallel or slightly oblique to the extension
d i r e cRaulds and Va(ga, 1998). These zones are an efficient means of transferring strain
along offset extended domainB&c commodati on zones are defined
terminationso and Aaccommodat e t lbeg marlarfsafudrt s
(Faulds and Varga, 1998). Unlike transfer zones, the general trend of accommodationaones
not correlate with the extension direction.

The studyof Higley Basin,located inazone of accommodatioiean serve to address
several keyjuestions regarding the growth and development of these featuch as: (1how
is strain accommodated in accommodation z@yesl(2) how will slip alongindividual faults
and fault systems be modified approaching the accommodation zBivesly, urderstanding
how depocenters formithin zones of accommodation and are subsequently filled can increase
our understanding of the location of potential reservoir litholotpeth for groundwater and

hydrocarbons, anthe nature of structures affecting teesservoirs.



In this study, surficiafjeologicalobservations are useddéonjunctionwith recently
acquired and vintage industry seismeflectiondata, as well as gravimetric observatiokgell-
log and seismic dafarovide subsurface control of bagithand structure Gravitimetric
observationsre utilized tgrovide a means to extend subsurface interpretagilongthe basin
axis,andprovide a means to test our seismic interpretatiéinsally, a new kinematic moded
proposed, incorporatingew geophysical observations, to addtdgesgeometry and timing of

defamationwithin the accommodation zone.

2. Geologic Setting
Regional Geology

The Basin and Ranged¥ince of central Arizona haperiencediramatic extension
(locally >100%)sincethe mddle Tertiary (Spencer and Reynolds, 198&hard and Spencer
1998) coupled with a coevedsurgence of magmatism (Spencer and Reynolds, 1989). Middle
Tertiary extension and magmatism overprint Late Cretace&asly Tertiary magratism and
crusta thickening associated wittontractionadleformation (Spencer and Reynolds, 1989).
However,the geometry and distribution ofdercontractionaktructuresioes not greatly
influencesubsequent extensional featur&€enerally wrtheastsouthwest direetd crustal
extension during the Middle Tertiary was largely accommodated alordddvigh-angle faults,
many of which are known or suspected to sole into regional detachment faults (Spencer and
Reynolds, 1989Kruger and Johnson, 19%ca et al. manusriptin preparation2009. These
detachment faults have several to tens of kilometedgsplacement, and mamxhume deep
crustal metamorphic rocks in their footwalksg., Lister and Davis, 1989). The upper [date
these detachment systems are highly fractured, and multiple generations gblafgp&aults

generally dip uniformly towards the direction of transport (Lister and Davis, 1989; Spencer and



Reynolds, 1989). During the Late Miocene, langagnitude exdnsion, largely along lowangle

surfaces, was superseded by lowergnitude extension accommodated along-aiggle faults.

This latereastwest towestnorthwesteastsoutheastlirecteddeformation extended the cruast

additionall0 to 20 percent (Mengesid Pearthree, 1989). These latige faults clearly cut

earlier lowangle faults and detachment surfaces and resulted in the development of the modern

Basin and Range province in southern Arizona (Davis et al., 2004; Menges and Pearthree, 1989).
Large-magnitude extensional deformation along regional detachment surfacesgdcouple

with isostatic uplift ofmid-crustal footwall rocks, ifargely responsible for the exhumation of a

belt of metamorphic core complexes through southern Arizona (e.g., C&3€y,Lister and

Davis 1989). Core complexes nddigley Basin, from northwest to southeast, include the

White Tank, South, iPacho, Tortolita, and CatalifiRinconMountains(Figure JA). Activity

along these detachment surfacesurredbetween 320 Ma (Eberly and Stagy, 1978;

Reynolds and Rehrig, 198Dickinson, 199). Detachment faults relating to the White Tank and

South Mountains core complexes dip regionally tortbrtheast with associated ttapthe-

northeast sense of shé&ruger et al, 1998 Richards et al., 2000whereaghe Catalina

detachment fault is shown to dip tethouthwest with associated ttpthe-southwest sense of

shear Arca et al., manuscriph preparation2009.

Superstition Mountains

Higley Basin is bounded to tleastand nortleastby the Superstition Mountair{gigure
1A), which expose a thick sequencevibceneextrusiverocksrelated to the formation of the
Superstition cauldron complex (Stuckless and Sheridan, 1971), as wétiaserposures of
Proterozoic sediments amikttasedimentdRjchards et al., 2000 The Superstitiomolcanic

sequence, appximatley 2,000 meters of lava floywsolcanic breccias, and afbw deposits, is



dominated by the welded quaittite tuff referred to as the Superstition T(8tuckless and
Sherdan 1971;Ferguson and Skotnicki, 1995fhis sequence was largelgpositedetween
20-15 Ma norconformably overlying Proterozoic granitiods and metasedts themajority of
thissequence is inferred to have been depositéide emerging, adjacent depocenter of Higley
Basin(Stuckless and Sheridan, 19MclIntosh and Ferguson, 1998The readily identifiable
Apache Leap Tuff member of the laterallyenxsive Superstition volcanic sequence extends
across Higley Basin, roughly 45 kim the southwesto the Santan Mountains (Stuckless and
Sheridan, 181; Ferguson and Skotnicki, 1995trata within the Superstition volcanic sequence
are generally tiltedouthwes(Richard et al., 2007

Tertiary volcanic deposits of the Superstition Mountains are cut by numerous north
south to northwestsoutheasstriking low- andhigh-anglenormal faults Richardet al., 2000,
such as the Elephant Butte faulfhe northsouthstriking, westsidedown Elephant Buttéault,
which partially defines the extrenmeastern limit of Higley Basin, is inferred to offset volcanic
strataby roughly 1km. To the norththe fault turns towards the northwest and appearwited
into numerous branels (Ferguson and Skotnicki, 1999No lowangle normal faults are
observed near the basin mar¢gFerguson and Skotnicki, 1998ichards et al., 2000

The Superstition Mountains are part of a larger northaestheast exposucé east
titled fault blocks of Proterozoic, Paleozoic, and Tertiary rocks extending over 100 km from the
Goldfield Mountains in the northwest to Black Mountain in the south&asidérd and Spencer,
1997 Richardet al., 2009 South of theGila River,low-relief exposures of Proterozoic and
Late Tertiary/Early Cretaceous granitic rocks bound the shallow Donnelly Wash bagn.
small basin ivounded on its eastern margin by the Cochran fault zone, interhexcve been
active prior to 1Ma (Richardand Spencer, 1997 he Cochran fault cuts the older Walnut

Canyon lowangle fault, which is inferred to lmme ofthe maja tilt-block-bounding fauls



(Richard and Spencer, 1997The Cochran fault is one of several similarly trending.-&owle
normal faults near Donnelly Waslasin that were active prior to the Basin and Range

disturbance.

Santan Mountains

The Santan Mountains, which form the southern margin of HE#esyn, are conspicuous
for lack of evidence for coreomplex development within a belt of core complexes passing
through the area. The range exposes Proterozoic and Cretaceous granitoids intruding the
polydeformed Pinal Schis Few Tertiary structureseaclearly exposed in the range, and are
frequentlyinferred from tilting of overlying strataBoth northeastand southwestlipping high
angle normal faults are observed within the raffiggguson and Skotnicki, 1996%outhwest
tilted remnants of the $erstition volcanic sequence are exposed in places along the

southwestern margin of the randee(guson an&kotnicki, 1996 Richardet al., 200).

3. Acquisition and Processing of Geophysical Data

The reflection seismic data for forthes study
Anschutz Corporation using a VibrosRisource;19lines wererecentlyreprocessed at the
University of ArizonausinPr omax E sei smic data pgcomma@si ng soO
processing techniques. Generalized acquisition and processing steps are summarized in Table 1.
Due to the complex structure and generally poor velocity control of the seismic ptbéldata
shown are unmigrated. Howeverignated sectins were used asterpretational aislfor several
lines. Depth conversion efchprofile was accomplished througlsimgularl-D velocity field
from averaged tomographic and stacking velocifiem seismic data in Higley BasiAlthough

this mayaccumiate some error in depth conversion for linesreasingly distanfrom lines in



Higley Basin this methodvasused tcestaltish consistencyor all seismic profiles All seismic
lines are displayed at a final datwhevationof 914 meters (3000 feetpove sea level.

Freeair gravity contours were drawn using 3026 faeeecorrected gravimetric
observations in the immediate vicinity of Higley Basabtained from the NGS U.S. Gravity
Station databaggand and Marine Gravity, 199%igure?2). Irregularly sampled data eve
gridded and contoured using GMWessel and Smith, 1991%ridding and interpolation error,

evaluated using repeated, random-saimpling, is estimated to be less than one milligal.

4. Description and Interpretation of Data

Interpretation of seismic reflection profiles, coupled vgtavimetric observations, serve
to constrain the locatioandgeometry ofmid-Tertiary extensional featured-or the purposes of
this study, hese features include the Cochran fault, the infesoeitheastwardxtension of the
Elephant Butte fault, and badiunding faults in Higley Basin and tReed Rock Basin aa.

The following three profiles document these structures and their vasatmry strike.

Lines CX19/PW8

SeismiclinesCX19 and PW8 traverse the eastern arm of Higley Hasim the Santan
Mountains to the Superstition Mountaifisgures 1 and 2) The two seismitinesare tied ina
region of overlafo create a single profil@ote there is ~ 2 kilometers lafteralsepration.
Interpreted and uninterpreted stackedtions are shown in Figure 4

A thick packagé~ 3000 m)of Tertiary and youngdrasinfill sedimentary rockeverlie
Proterozoic crystalline basementHiigley Basn. Two distinct packages sédimentation,
identified on the basis of reflaoh character, are correlated to the Power Ranci{E&1l) well.
This correlation is used only agjaneralguide due to the distance of this well from available

seismic data (47 km) and the incompletesic log for this w#. However, gravity contoursad



not suggest greatriation along the axis of thmsinacross this distance (Figuzg thus the
sedimentary package encountered by the well is likely representative of that recorded by the
seismic préile. The well tieto the seismic data is shown in Fig@3re

Theearlier sequence of badiill rocks, characterized by mediurto high-amplitude,
laterally coherent reflectiongs composed omixedvolcanic andlerivedsedimentary strata
inferred to becoevalwith the nearby Superstition volcanic fidddsed on age dating of cuttings
from thePR-1 well; this sequenceorrelates wittthe lower ~1500 m ddtrata encountered by the
well (Reynolds et al 1986) The estimated thickness of tliequences estimated tde ~1.52
km, similar to thabbserved in the nearby Superstition Mountains (Stuckless and Sheridan,
1971). Reflections associated with the strata of this unit are progressively rotated moving down
section. Also, growth strata are evidenthis unitalong smaHoffset faults ( < 300 m vertical
offset) at km 16 and 17 along the profile.

Overlying the lower unit i thick (~1 km), complexjeterogenous suite of sedimentary
strata postlating the Superstition volcanics, largely comgui®f conglomerates, sandstones,
siltstones, anhydrites, aggavels Thissequencés characterized by loweamplitude, less
coherent reflections above ~1.5 seconds. S&giencappears to be relatively undefortnas
compared to the lower unit, andasires shoulders of Proterozoic basement rocks along the
southwest and northeast margins of the ba&munconformityseparatethese twesequences
identified bythe geometries of terminating reflecticms the shoulderof Proterozoidasement
at this kevel similar to other basins in the area (ekherly and Stanley, 1978ruger et al.,

1998)) and showing geometries imaged in other basins in the extensional corridor (Johnson and
Loy, 1992; Wagner and Johnson, 2Q06)
Rotated reflections of #lower unit terminate at the southwesargin of the basin along

an inferred lowangle, northeasdipping,apparently listric normal faylhereatfter referred to as



theHigley Fault This major fault, which is not observed at the surface, is covered byasev
hundred meters of PlBleistocene sedimeaty rocksand is interpreted to project to the surface
~4 km from the northeastern flank of the Santan Mountainat ~5 km along the profil&igure
4). Strike, as inferred from freair gravity contoursis westnorthwest. At shallow levels, the
fault dip, as estimated by leamplitude, dipping reflections and stiarminations in the
seismic data, is 380°. Weakly coherent reflections atskm depth, 1416 km along therofile
may represent the listric continuation of this fault in the subsurfdedical fault offset is
inferred to be at least 3 km fronorizontalrestoration of rotated hangivaall reflections and
slip of 10 km or more ipossible A shallow rollover anicline geometry imaged at /8 km
along the profileijs suggestive of fault displacement at least as young as the strata at this level.
Progressiveotation of early to middle Miocene strata terminating along this fault indicate the
fault must have beeactive during this time interval. However, no maximum bound can be
placed on the age of fault activinith the data currently available

Threeother smallewffset normal faultsall dipping towards the southwest, are also
imaged offsetting Tertiargtrata at kilometers 16, 17 and 19 (Figdire These faults are
identified on the basiof offsetor terminating reflections at each locatic@rowth strata are
clearly imaged above faults A and Bhe offset along these faults is estimated t@@@400
meters. Althoughpresentlyymaged at a much steeper dip, these faults would have formed at dips
similar to that of theHigley Faultassuming a similar amount pbstfaulting rotation as the
adjacent strataThough not clearly imaged, it is assednthese faults tminate against the

oppositelyvergentHigley Fault

Line PW16



Line PW16, located approximately 30 km southeast of Lines CX19 and PWS8, lies
roughlyperpendicular to the dominant extension orienation in the ré§jpencer an&eynolds,
1989 FigurelA). The northeast end of this profile begins at the eastern margin of Donnelly
Wash basin near the Cochran and Walnut Canyon faults; the profile then proceeds across the
basin, crosses lowelief hills composed of Middle Proterozaggranitic rocks, and terminates in a
shallow basin in the FlorencArizonaarea. This profé thus crosses two faults bounding
separatdilt blocks, theCochranfault and the inferred southern extension of the Elephant Butte
fault (Figure 5)

Shallowly-dipping, highfrequency refleeébnsfrom km 17.51 19 along the profile
(Figure 5)are interpreted to be tilted crystalline basement beneath the shallow Donnelly Wash
basinat 106800 mdepth. Though not clearly imaged at shallow levels, @ahranfault,
which is themainbasinbounding fault in the area, is interpreted to be the structure responsible
for the vertical offset and rotation of these rock@&rtical offset along the northwestriking,
southwesdipping Cochranfault, asdetermine from the seismic date estimated to be ~ 800
m. Lower-frequency, highamplitude reflectionamaged dipping towards the southwest, are
interpreted to be th€ochranfault zone at depthAssuming the seismic profile is approximately
perpendicular to the overall strike of the fault, fault diptikeastLO- 15 degreesat depth

Moderately dipping, higlirequency refledonsfrom km 7- 8.5 along the profile are
interpreted to be tilted Mdle Proterozoic granitic rocks, rotated by the adjacent southern
extension of the Elephant Butte fault. This fault, which juxtaposes Middle Proterozoic granitic
rocks against Quaternary bagith deposits, should outcrop at about km 10 along the pyofil
although the fault may be buried by younger sedimeatkwer-amplitude reflectionsimilar in
dip to that of interpretkProterozoic crystalline rockis imaged dipping to the southwest from

7.51 9 alongthe profile. Loweifrequency higheramplitude dipping reflections from km 36



are interpreted tbefrom the deeper section of this fault. SimitartheCochrarfault, vertical
offset alonghe inferredsouthern extension of the Elephant Biittelt is estimated to be less

than 1 km.

LinesD27/PW28

Located approximately 20 km southeast of seismic line PW16, seismic lines D27 and
PW28 obliquely crosthe RedRockbasin situated between tR&cachoMountainsand the
Tortolita Mountainsand terminate in Proterozoic exposures to the east of Donnelly Wash basin
(FigurelA). Given the good velocity control for line D27 and thedterimagingof the complex
structure othebasin fill, a timemigrated stack is shown in FiguBealong withan unmigrated
depth section (inset). Interpreted and uninterpreted stacked sections for Line PW28 are shown in
Figure7.

Similar to Higley Basin, two seismicalljistinctsequencesf basin fill are imaged in
line D27 to the east of the Picacho Mounsai The lowesequencecut by numerous normal
faults, displays rotated growsttratathickening towards the northeast. The thickness of this
sequenceestimated from the depttonverted seismic sections, may be up to 2,000 m.
Overlying thissequenceare a series of flallying to gently dipping, relativelundeformechigh-
frequency refledbnsof the interpreted uppasequence Thickness of thisequencés estimated
to be 1,502,000 m.

Two oppositelydipping, basirbounding faults are clearly imagédm km 0- 6 and 12
20 along profile D2{Figure 6) Gently northeasdlipping, laterally discontinuous refleahs
along km 612 are interpreted to represent the deepetiguation of the bastbhoundingfault
imaged at km @ along the profile. These reflems, terminated against a series of southwest,

moderatelydipping reflectionsareinterpreted to béhedominantnormal fault in the area.



Vertical offset along this fault isstimated to be atdst 3 km, and@parent dip is approximately
30 degrees.

The primary feature of line PWZ&igure 7)Figureis the centrallylocated Donnelly
Wash basin, imaged from km 1420 along the profile. Lovirequency, gently northeast
dipping reflections are ietpreted to be the top of crystalline basement underlying Tertiary and
Quaternary basin fil These reflections terminaséganst higheramplitude, southwestipping
reflections, interpreted toethe Cochranfault or its alongstrike equivalent. Gentlysouthwest
dipping reflections from-3 km at km 715 along the profile are interpreted to be the deeper

sections of this fault. Vertical offset along this fault is estimated to be greater than 1,000 m.

5. Discussion

Interpretation of the seismieflection and gravimetric data has important implications
regarding the structural development of Higley Basin and the local accommodation of dramatic
extension. Oppositely vergent Micertiary detachment domains must terminate within the
vicinity of Higley Basin within a zone of accommodation (FiguB).1The geometry of the zone

has important implications for the development of the basin and adjacent structural culminations.

Kinematic Development of Higley Basin

Tilted and deformed growth stratathin the basin, correlated to the Superstition
volcanic sequengsuggest activity along theigley Faultduring20-15Ma. Minor faulting
along faults A and B of seismic profile CXFaV8(Figure 4)also must haveccurred during
this interval. Interpration of thenortheasdippingHigley Faultas the main basibounding
fault forming the hakgraben of Higley Basin is consistent with southwétdd Tertiary strata
exposed within the Santan MountairiBhis interpretation is also consistent with sease of

motion observed in theearbySouth Mountains; it is possihlé not likely, thattheHigley Fault



is linked to the South Mountains detachment faBapid coolingof the South Mountains core
complex isconstrainedo have occurreetweer?1-17 Ma(Fitzgerald et al., 1993and is also
consistent with the age afajorfault activity within Higley Basin

Faulting postdating these MidTlertiary features, generally interpreted to be associated
with the Basin and Range disturbance in centraoha,is responsible for minor deformation
relative to thaof earlier structures. The&asin and Rangstructures, such as the Elephant
Butte fault, are not observed to offset units more than 1 km, as compared to the ~ 10 km or more
of slip inferred &ong theHigley Fault

A schematic model for Higley Basin, compatible with available data, is presented in
Figure 8 Higley Basin likely originatedh a region of lowrelief in a region of exposed
Proterozoiaockspostdating arly-Tertiaryd Late-Cretaceous deformation. At the onset of
mid-Tertiary deformation, extension wascommodated along generally ot moderateangle,
randomlynucleated normal faults (Figure 8, Stage Ibjtially, various faults of differing dip
across the landscape edtto accommodate strain in the regidtowever, a domimd fault
system quickly developedAs deformation continuwkeand individual faultsvere organized into
fault systems, extensional domaimere created as dominant faults of a particular dip sffut
fault propagation along oppositetiypping faults in regions of overlap. Extension contthice
be accommodated preferentially along the dominant fault systems; in the case of Higley Basin,
theHigley Faultdevelogdas the dominant fault in the basindi#re 8, Stage 2). This extension
wascoupled with voluminous magmatism, and volcanic material from the nearby Sugerst
volcaniccomplex filledthe rapidlyforming Higley Basin. Early units of volcanic filwere
progressively rotated as slip contidwen theHigley Fault creating fanning sequences of
interbedded volcangandderivedsedimerdry rocks tapering towards the northeaatvay from

the main depocenter



As deformation warekin the Early toMliddle Miocene, basin fonation may have
stagnated as arosional surface, poedhting the volcanic sequence in Higley Basin, bedtie
surface of the newlormed basin (Figure 8, Stage 3Jhis may have occurred in response to
minorisostatic rebound of unloaded regiongj(ekapp et al., 2008)Post dating this erosion,
Basin and Range faulting gently defadthe basinStage 4)especially along the eastern
margin. Basin and Range extension may have been accommpdetgdy re-activationof
pre-existing structures ithin the basin rather than through the formation of new structures.

Finally, passivebasin deposition resulted in several hundred metdPi@Pleistocene
sedimerdry rocksthat coverearlier structures (Figure 8, Stage This subsidence producie
currently observed geometry of Higley Basin, most notablyabetionsof major basin
boundng features several kilometers towards the axis of the a@smTertiary and Proterozoic

outcrops.

Accommodation of Oppositelyergent Fault Domains

Higley Basin is located between two opposiedygentdetachmentiomains; eacbf the
respective detachment domains must somehow terminate in the vicinity of HigleyrBasin
zone of accommodatigffrigure1B). These zones of accommodation are recognized as a first
order feature of extensional domains (regions of generally uniform fault dip), and are observed at
all scales (Schlische and Withjack, 2008)ultiple geometries have beeroposed for fault
interacton and termination within zones of extensional accommodation (e.g., Scott and
Rosendahl, 1989; Morley et al., 1990; Faulds and Varga, 1888grstanding these geometries
is becoming increasingly importaintthe study of extended orogessd associatedalsins as

interest in subsurface mineral, hydrocarbon, and water resources incrBase®id confusion



with the evolvingterminology withintheliterature, the classification and nomenclature of Faulds
and Varga (1998) will be utilized exclusively.

Slip frequentlyis heterogeneously distributed along a fault, typically with maximum slip
occurring near theniddle of the fault and decreasing towards the fault tips. At the fault tips,
strainoften istransferred to other faults within the systéfaulds and Varga, 1998Adjacent
faults need not dip syntheticallyp@in such cases some featurestraeparate or accommodate
fault domains of opposing dign zones of overlap, oppositelypping, interfering faults will
tend to stop propagatingtéally (Schlische and Withjack, 2009).

Evaluation of geologic and seismic reflection data show thitipte fault systems
branch or exhibit reduction in thrgéwvom the northwest and towards Higley Basifihese
include theHigley Fault theCochran fault, and othemajor basirboundingfaults along tited
fault blocks of Proterozoic, Paleozoic, and Tertiary rocks exterichngtheGoldfield
Mountains to the Black Mountair{igure 1) Thefault systemshatlose throwlikely tip out
within or approachingfigley Basin.

TheCochranfault, inferred tdoe the major bounding fawf Donnelly Wash basin, has
its greatest slip along the dern portion of the basin, alagpears to lose slipward the north
As estimatedrom seismic line PW28yertical offset along the fauls estimated to be greater
than one kilometer. In seismic line PW16, offset is less, estimated to be ~ 800 m. The Cochran
faultis also observetb lose slip towards the nortsif PW16 based on surfacelationships
(Richard and Spencer, 1998pther major lowangle normafault systems predating tiBasin
and Range disturbang¢euchas the GraybacandDevils Canyorfault systemseither tipout or
become obscured ifertiary volcanic Richard and Spencer 1997; Richard and Spencer, 1998;
Richards et al., 2000; Figure. IMajor basinboundingfault systemslong the northeast margins

of basins to the southeast of Higley Baaia also inferred to generally lose slip approaching



Higley Basin. Vertical offset along the major fault shown in seismic line D27tisated to be
greater than 3 km. Throw along the southern extension of the Elephant Butte fault is
considerably less, estimated toless than 1 km. The noasst margin ofHigley basin
apparentlyis not bounded bynajorfaults. Higley Fault interpreted to be the main basin
bounding fault of Higley Basin, is also interpretegbtogressivelyose slip and tipput near the
soutreastmargin of the basinThrow is inferred tgrogressively decrease along this fadt
indicated by lessegative freeair gravity valuesand outcropping Proterozoic basement between
the Santan mountains and the North Butte éfegure 2)

Within Higley Basin, as imaged by seismic Profi¥19/PWS8, two oppositely dipping
low-anglefault systemsHigley Faultand faults A and B, must @ beeractive approximately
synchronously Because these structamaust have been active pritr the deposition of a 19.4
Ma = 0.47 (Reynolds et all986)welded tuff in the basin, it is inferrédatboth of these fault
systems would have acted to accommodate extensional strain in the Middle Tertiasvekow
the inferredHigley Faultemerged as the dominant fault aftectively stoppeghropagation
alongoppositely dipping faultsThese @erlapping, coeval mid ertiary fault geometries, which
likely tip-out in the vicinity of Higley Basin, are partly responsible for accommodating two
regionallow-angle detachment systems of opposing vergembeoverlapping geomats of
faults with the basin, without prominent synformal or antiformal folding of basimnfilicate
Higley Basin formed within &ransversantitheticaccommodation zorlecated between the
South Mountaingnd the Picacho Mountains ca@mplexes.This zone is roughly aligned with

theMid-Tertiaryextension direction3pencer and Reynolds, 1989

Implications



There remains &onspicuous lack axposure otore-complexculminationsalong the
zone of accommodation between 8®uth Mountains and Picacho Mountajggyure JA and
B). As detachment systems approach the zone of acodation, individual faults must
terminate and will likelyprogressively lose slip approaching their exgjve fault tips. Though
the totaluppercrustalextension may remain the same in the accommodation zone relative to the
surrounding regioffseediscussionbelow), the slip along single feature is reduced, preventing
the formation of local, largeffset detachment surfaces. This would prewgeifiicient tectonic
unloading to promotenajor localisostaticuplift of the lower plate in the detachment system (cf.
Coney, 1980; Davisl 980, Spencer and Reynolds, 198Ndmaypreclude the development of
core complexes within the zone of accommodation.

Fault kinematics within the accommodation zone will also greatly influence patterns of
deposition within the emerging and evolving depnter. Basin depositionespecially during the
early stages of basin development within a zone of accommodation, eapdmally chaotic as
multiple earlystage faults begin to variably deform the landscapiee basimapidly fllls as
multiple structires act to create accommodation space, and facies changes may be abrupt and
laterally discontinuous. As fault dominance is established and the accommodation zones cease
to expand outwardlydeposition locally becomes more predictable as the numberiv,act
largedisplacement features decreases. Depositional patterns within the accommodation zone are
likely to be unique compared to others along strike of the major fault systems.

One interesting feature of note is the relative depth of Higley Basin gg/ktation
within an extensionadccommodatiozone. Assuming faults lose slip approaching the basin,
two options become apparent: either (1) the accommodation zone represents a region of minimal
extension during the Midertiary, or (2) strain withithe accommodation zone is

accommodatedn multiple structuresreducing the strain on any single featuFairther



assuming that faulteactivation of MidTertiary structures during the Basin and Range
disturbancevasminor, the following speculation reghng detachmenrinvolved

accommodation zones is proposed. détachmentaults involved in the development of core
complexes become increasindpackrotated to shallower dips during exhumation of the core
complex, extension is accommodagddng gently dipping surfacesich that less
accommodation space is created. Near the termination of these detachment systems, faults
would be progressively less baaitated and remain at steeper dipse Kapp et al., 20085lip
along these faults, ttugh accommodatinglower percentagef regionalextension, would

therefore produce more local accommodation space.

6. Conclusions

Higley Basin represents a complicated fgadiben which formed during the Middle
Tertiary due to displacement along lamgle faults, largely along northeadipping faults
bounding the Santan Mountains. The basin was concurrently filled with Middle Tertiary
volcanic rocksrom the nearby Superstition volcanic field.

Major fault systems lose throw approaching Higley bastficating Higley Basin should
represent a region of minimal extension along-towgle faults. Nonetheless, Higley Basin may
be one of the deepest basins in Southern Arizona, with more than 3,000 m of satiausht
volcanic rocksoverlying Proterozoicrystalline basementThis apparent contradiction may be
explained by progressive dease in fault rotation distant from uplifted core complexes.

Higley Basin represengsartof a major accommodation zone between two oppositely
vergent detachment systemssauthern Arizonaasevidence by overlapping, synchronous
fault systems of the Middle Tertiary. Certainfgatures other than those within the basin must

also partly accomodate the opposing vergesad the two dominant detachment systethsis



the accommodation zone is inferred to extend either to the northeeest beneathater
volcanic rocks of the Superstitidiountains or to the southwest beneath young surficial

deposits.
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Figurel A: Geologic Map of Higley Basin and Vicinitinset detailing zone of accommodation.

WT = White Tank Mountains; SM = South Mountains; SA = Sacaton Mountains; ST = Santan
Mountains; GM = Goldfield Mountains; SP = Superstition Mountains; P = Picaahunbains;

T = Tortilita Mountains; SC = Santa Catalina Mountains; B = Black Mountain; DC = Devils
Canyon Fault; GB = Grayback Fault; DWB = Donnelly Wash Basin. B: Detachment polarity and
Mid-Tertiary strata tilt domains. From Richard and Spencer (1998) Richards (2000). Tilt
domains from Spencer and Reynolds (1989).
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Figure2 - Free Air Gravity Contourén milligals)for Higley Basin Note well location within
basin axis, trending weshorthwest.
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Figure4 - Seismic Profile CX31BW8 Depth Section; Above uninterpreted, lower ¢ Preferred
interpretation. Approximate TWT (tweway traveltime) shown along right axis.

Interpretation correlated to cuttings from well PR (Figure 3). The fanning, rotated
synfaulting strata of the lower sguence indicate majority of fault activity during the

deposition of this sequence. Though initially active roughly synchronously, slip along the
Higley Fault continued after faults A and B ceased activity. Displacement along faults A and
B, along with oher deformation below the resolution of this dataset, serve to accommodate
deformation within the hanging wall (see Gibbs, 1984).
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Figure5 - Seismic Line PW1®epth Section; Above uninterpreted, lower ¢ Preferred
interpretation. Approximate TWT (tweway traveltime) shown along right axis. The inferred
southern extension of the Elephant Butte fault (left) was active during the Basin and Range
disturbance, though may have been active previously. The Cochran faultjrigimilar in
geometry to that of the Elephant Butte fault, is was actiyior to 17 Ma (Richard and
Spencer, 1997)
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Figure6 - Seismic Line D27 {me mgrated), with TWT (tweway traveltime) along the vertical

axis; Above; uninterpreted, lower ¢ Preferred interpretation of the Red Rock Basin. Inset:
Unmigrated depthsection Major deformation is accommodated by a SW dipping normal

fault along the NE margin of the Red Rock Basin. Basin fill consists of two major sequences, a
faulted and rotated lower sequence, and a much less deformed upper sequence.
Unconformities are present near #boundary between the two sequences.
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Figure7 - Seismic line PW2®epth Section; Above uninterpreted, lower ¢ Preferred
interpretation. Approximate TWT (tweway traveltime) shown along right axis. The major
fault in the center of the profile is the Cochran fault. Compare offset to that imaged in
seismic line PW16 (Figure 5).



