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Evolution of DeformationAlong RestrainingBendsBased orCaseStudies ofDifferent Scale
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William Joseph Cochran
ABSTRACT

Globally, deformation along obliquely converging plate margins produce a wide variety of
complex fault patternsncluding crustal pojups, fault duplex structuserestraining bends, and
flower structures. Depending on the plate velocity, plate obliquity, crustal rheology,-teradgh

and climate, the evolution of faulting into translational and vertical strain can range in
complexity and fault slip partitionin@.e. vertical vs. horizontal strain). In this dissertation |
studiedtwo restraining bends to understand how these factors influence patterns of deformation
along two major plate boundaries: The North AmerCamibbean and the North American

Pacific pldae boundaes Frst, | estimate the exhumation and cooling histalgngthe Blue
Mountains restraining bend in Jamaisang multiple thermochronometeighree phases of

cooling have occurred within Jamaicairdijial rock crystallization and rapid engdement of

plutons from 7568 Ma, 2) slow cooling from 680 Ma, and 3) twsstage exhumation from 20
MaiPresent. During the most recent phase of Jal
exhumation have been identified at 0.2 mm/yri(ZDMa) and ~1 mm#hy(5 Mai Present)

Given the plate velocity to exhumation rate ratio during the most recent phase, we suggest that
the climate of Jamaica increases the erosivity of the Blue Mountain suite, whereby the Blue
Mountains may be in an erosional stestate. Seond, Istudied the longerm evolutionof a
restraining bend at San Gorgonio Pass in southern California by relating fault kinematics within
the uplifted San Bernardino Mountains to the nearby Eastern California shear zonéigsing
resolution topograph(i.e. UAV and lidar surveys) studedthe plausibility of faulting along

two potentially nascent faultgithin the San Bernardino Mountaimsamely the Lone Valley and
Lake Peak faultsWe found that while both faults display evidence for Quaternary faulting,
deciphering true fault slip rates was challenging due to the erosive nature of the mountainous
landscape. Coupled with evidence of Quaternary faulting along other faults witl8arthe
Bernardino Mountains, we suggest a western migration of the Eastern California shear zone.
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GENERAL AUDIENCE ABSTRACT

The deformation of rocks along tectonic plate boundaries provides insight into how the upper
crust behaves, and is dependent on the crustal strength, plate velocity, temporal and spatial
scales, and climate. At most convergent plate boundaries npiditen is oblique to the plate
boundary, resulting in zones of transpression: compression and translation. Geologists refer to
these features as restraining bemibatfactors dictate hovaults withinrestraining bends

evolve is a major question in thelfl of tectonics. In this dissertation | studied two major
restraining bends whidtiiffer in both scale (i.e. length to width ratio) and climate, namely the

Blue Mountains restraining bend in Jamaica and the restraining bend at San Gorgonio Pass in
southen California. Along the Blue Mountains restraining bend, it was not understood when or
how fast this mountain range was being exhumed due to the tectonic forces being applied to the
plate boundary. | use a technique called thermochronometry, whereladin§t@measuring the

age of rock crystallization, | measure when the rock cools below a certain temperature. Different
minerals have different closure temperatures, and by using multiple minerals, | determined the
cooling path of the rocks in the Blue Moaimts since they crystalized in the late Cretaceous (~75
million years ago). We found that the rocks experienced three different phases of cooling, with a
more recent phase being divided into two stages since 20 Ma: Blue Mountain rocks being
exhumed at a ta of 0.2 mm/yr from 20 5 Ma (relatively slow) and ~1 mm/yr fromi50 Ma
(relatively fast).l concluded that the climate of Jamaica weathers and erodes rocks so efficiently
that the Blue Mountains are in an erosional balance between plate tectorscafiadimatic

forces. My second chapter identifies small, unstudied faults within the San Bernardino
Mountains, and determined that these faults display enough evidence that they should be
considered a earthquake hazard. The restraining bend itselfretinggowards the southeast

and is being influenced by other faults in the area. What once was a predominantly
transpressional system, is now being influenced mainly by stlijxéaulting.
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Chapter One

1.1.0INTRODUCTION

Deformation patterns associated with plate boundaries provide important evidence for the
dynamics of crustal evolution in plate tectonig®lnar, 1988) Purely convergent/divergent/
transform plate boundaries rarely occur, resulting in oblique plate velocity vectors composed of
both pure and simple she@v/oodcock, 1986)Along strikeslip plate boundaries where a
signficant portion of deformation is partitioned into pure shear, namely transpressional/
transtensional boundaries, several factors influence how these systems evolve, including
variation in fault geometry, plate motion obliquity, plate velocity, and rhgqleignn, 2007)
Additionally, the type of structures formed as a result of oblique deformation is quite broad,
including flower structures, crustal pops, duplex structures, and paired bef@lsnningham
and Mann, 2007)Understanding the role each factor plays in redistributing strain within the
upper crust, and hotiney influence the formation of these structures through-&and
development is not well understodde range of complexity (i.e. interacting fault systems) and
scale of transpressional/transtensional zones necessitates the need for understardesehow
systems evolve.

Several deformation patterns have been observed along transpressional plate boundaries
(Dewey et al., 1998; Harland, 1971; Sylvester, 1988)p classes of these deformation
behaviors occur under what are called gghieardominated and wrenetiominated conditions,
typically transitioning whe°@leypslereetak, 1995t i on o bl
Deformation tends to be distributed across wide zones of variable garditioning and rock
upliftwhere pl at e moti on o RI),sechasthy Lebareseréstgaming(bend e . U
(Gomez et al., 200@nd Alpine fault(e.qg. Little et al., 2005 Complicating factors, such as

climate, surface erosivity, and topography, all influence erosion and rock uplift and therefore the

1



massbalance and state of stregshin the upper crugBenowitz et al., 2011; Buscher and
Spotila, 2007; Cowgill et al., 2004; Cruz et al., 2007; Spotila et al., 20B8&k@w | introduce
Chapters Two and Three and give an overview of the findings.

1.2.0 SUMMARY OF CHAPTER TWO AND THREE

In this dissertation, | present the results of two different research projects: 1) the
exhumation and rock uplift history of the Blue Mountains restraining bend (BMRB) in Jamaica
using lowtemperature thermochronometry, and 2) the transient evolution of the restraining bend
at the San Bernardino Mountains (SBM) in southern California, spaityflooking at evidence
for incipient strikeslip faulting within the hangingwall of the bend using hrglolution
topography.

Chapter Twdocuses orestimaing the bedrock coolingnd exhumation history
associated with transpression within the BMRBe BMRB is a relatively unstudied
transpressional system in a highly erosive environment and is a great example of coupling
between tectonic and climate. | provide new constrains on the exhumation history of the Blue
Mountains restraining bertd definethe exhumation historyWe measureapatite (n=10) and
zircon (n=6) (UTh)/He ages’°Ar/*°Ar (n=2; amphibole and {$par) ages, and U/Pb zircon
(n=2) crystallization ages. Late Cretaceous U/Pb*&d3°Ar ages 74-68 Ma) indicate rapid
cooling followingshallow emplacement gilutonsduringnorth-southsubduction along the
Great Caribbean Ar&arly to middle Mioceneircon helium age€l9-14 Ma) along a vertical
transect suggesixhumation and island emergence at ~0.2 mn@ider zircon ages 105 km to
the north (4435 Ma) imply less rock upliffApatite helium ageare young (6L Ma) across the
entire orogen, suggesting ragghumation of the BMRB since the late Miocene. These

constraints areonsistent with previous reportsrefstraining bend formation and early



emergence of eastern Jamaisa.ageelevation relationshifrom a vertical transect implien
exhumation rate of 0.8 mm/ywhile calculated closure depths and thermal modedirggests
exhumation as rapid as 2 mm/¥he rapid rock uplift rates in Jamaica are comparable to the
most intense transpressive zones worldwide, despite the relatively stomiftyr) strikeslip
rate. We hypothesiz@ghly erosive conditionsn Jamaicanable a higher fraction of plate
motionto be accommodatdal vertical deformationThus,strike-slip restraining bendsay
evolve differently depending on erosivayd local climate

Chapt er TRamdexhunatioh ef Gretdiceous-aocks along the Blue
Mountairs restraining bend of thEnriquillo-Plantain Garden fault, Jamaica, using
thermochronometry from multiple closure systéms was accepted and publ i
TectonophysicsThe citation for this publication Sochran\W. J., Spotila, J. A., Prince, P. S., &
McAleer, R.J. (2017). Rapid exhumation of Cretaceousraoks along the Blue Mountains
restraining bend of the EnriquilBlantain Garden fault, Jamaica, using thermochronometry from
multiple closure system3ectonophysics21, 2923009.

Chapter Three focus on eeince for incipient faulting within the SBM, generating new
evidence for strikeslip deformation in a largely transpression settMgasuring longerm
accumulation of strikelip displacements and transpressional uplift is difficult where strain is
accommodated across wide shear zones, as opposed to a single maj@danihgham and
Mann, 2007) The Eastern California Shear Zone (ECSZ) in southern California accommodates
dextral shear across several str#hip faults and is potentially migrating and cutting through a
formerly convergent zone of the San Bernardino Mountains. The advectiorsbélong the
San Andreas fault to the SE has forced these two tectonic regimes into creating a nexus of

interacting strikeslip faults north of San Gorgonio Pass. These elements make this region ideal



for studying complex fault interactions, evolving fagdtometries, and deformational

overprinting within a wide shear zone. Using hrgisolution topography and field mapping, this

study aims to test whether diffuse, poorly formed stsilge faults within the uplifted SBM block

are nascent elements ofthe¥Z. Topographic resolution of O 1
and UAV surveys along two Quaternary stridgo faults, namely the Lake Peak fault and Lone

Valley faults. Although the Lone Valley fault cuts across Quaternary alluvium, the geomorphic
expression is obscured, and may be the result of slow slip rates. In contrast, the Lake Peak fault

is located high elevations north of San Gorgonio Peak in the SBM and displaces Quaternary
glacial deposits. The deposition of large boulders along the escarais®obscures the

apparent magnitude of slip along the fault. Although determining fault offset is difficult, the

Lake Peak fault does display evidence for minor rlgtéral displacement, where the magnitude

of slip would be consistent with individuaful t s wi t hin the ECSZ (i. e.
the preservation of displacement along stskp faults located within the Mojave Desert, the

upland region of the SBM adds complexity for measuring fault offset. The distribution of strain
across therdire SBM block, the slow rates of slip, and the geomorphic expression of these faults
add difficulty for assessing fadlip evolution. Although evidence for diffuse dextral faulting

exists within the formerly uplifted SBM block, future work along otkieown examples of

faults within the SBM is needed to determine if the ECSZ is migrating west.

Chapt er T mcipert evolttiontof thee &astérn California shear zone through
the transpressional zone of the San Bernardino Mountains,,CA i $aratiam fopsubenission
to the journallheBulletin of the Seismological Society of Ameriwéh co-authors James A.

Spotila and Philip P. Prince.
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2.0.0ABSTRACT

The effect of rapid erosion on kinematic partitioning along transpressional plate margins is not
well understood, particulariy highly erosiveclimates. The Blue Mountasiestraining bend
(BMRB) of eastern Jamaica, boutathe south by theeft-lateralEnriquillo-Plantain Garden

fault (EPGF), offers an opportunity to test the effects of highly erosive climatic conditions on a
30-km-wide restraining bend systefo previousthermochronometridataexistsin Jamaicao
describe the spatiak temporal paern ofrock uplift andhow oblique(> 2(°) plate motion is
partitioned into vertical strain. Tadefinethe exhumation history, waeasuredpatite (n=10)

and zircon (n=6) (Urh)/He ages?°Ar/*°Ar (n=2; amphibole and ¥par) ages, and U/Pb zircon
(n=2) ciystallization ages. Late Cretaceous U/Pb ‘®Ad’°Ar ages 74-68 Ma) indicate rapid
cooling followingshallow emplacement giutonsduringnorth-southsubduction along the

Great Caribbean Aré&arly to middle Mioceneircon helium agegl9-14 Ma) alonga vertical
transect suggesixhumation and island emergence at ~0.2 mn@ider zircon ages 105 km to

the north (4435 Ma) imply less rock uplifApatite helium ageare young (6L Ma) across the
entire orogen, suggesting ragigkhumation of the BMRBisce the late Miocene. These
constraints areonsistent with previous reportsrefstraining bend formation and early
emergence of eastern Jamaisa.ageelevation relationshifrom a vertical transect implien
exhumation rate of 0.8 mm/ywhile calcubted closure depths and thermal modetinggests
exhumation as rapid as 2 mm/yr. The rapid rock uplift rates in Jamaica are comparable to the
most intense transpressive zones worldwide, despite the relatively stomib'yr) strikeslip

rate. We hypothéze highly erosive conditionsn Jamaicanable a higher fraction of plate

motion to be accommodatég vertical deformationThus,strike-slip restraining bendsay

evolve differently depending on erosivapnd local climate.



2.1.0INTRODUCTION

The active margins of the Caribbean plate are complex and rapidly evolving, offering
unique insights into a range of tectonic processes and tectonic evolution of the greater Gulf of
Mexico region(Draper and Arros, 1994; Draper et al., 1994; Mann and Burke, 1984; Pindell,
1994; Pindell et al., 2012; Robinson, 1994; Sanchez et al.,.Z&franspressive sinistral
northern boundary, for example, holds clues to understandingrangform faults evolve, the
influence of inherited mechanical anisotropy on nascent deformation patterns, and the role of
climate and erosion on surface uplift in a tropical, oceanic setting (Fig. 1). Despite the potential
for learning about basic tect@nprocesses in this region, fiatder tectonic problems remain for
various Caribbean islands produced by recent deformation. Jamaica is an excellent ekample
this, in that there is an incomplete understanding of how nearly a cm/yr plate motion is
distributed across the island, with a lack of quantitative constraints on the history of basement
uplift. A major rock uplift zone known as the Blue Mountaiestraining bend (BMRB) occurs
as a rightstepping bend along the main transform fault, the EnrigBilimtain Garden fault
(EPGF), yet its exhumation histanas yet to be quantified using leemperature
thermochronometryThis is a rare example of a narrow restraining bend (< 30 km) in a highly
erosive climate, which stands to add to our global uraledgig of coupled tectonidimatic
behavior within transpressive systems.

A broad spectrum of deformational behavibesebeen observed along transpressive
plate margingDewey et al., 19984arland, 1971; Sylvester, 198&®)ifferences in how
transpressive plate motion kinematically manifests as deformation depend on degree of plate
motion obliquity and partitioning between coaxial and-coaxial strain, as well dbree

dimensional structure, lengtales of the deformation zone, inherited crustal rheology, and



variations in erosivityBenowitz et al.2011; Bourne et al., 1998; Burkett et al., 2016; Fossen
and Tikoff, 1998; Fossen et al., 1994; Gomez et al., 2007; Mann, 2007; Niemi et al., 2013;
Spotila et al., 2007b; Teyssier et al., 1995; Tikoff and Teyssier, 1994; Tikoff et al., Z0a2)
broad classes of these deformation behaviors occur under what are calsbdgasdominated
andwrencd omi nated conditions, typically transitd.i
exceeds 28(Teyssier et al., 1995Peformation tends to be distritea across wide zones of
variablestraimpar t i ti oning and rock wuplift wMere pl at
such as the Lebanese restraining b@wimez et al., 2009nd Alpine fault(e.qg. Little et al.,
2005) Complicating factors, such as climate, surface erosivity, and topography, all influence
erosion and rock uplift and therefore the mhstance and state of stress within the upper crust
(Benowitz et al., 2011; Buscher and Spotila, 2007; Cowgill et al., 2004; &Zral., 2007; Spotila
et al., 2007a)The complex role of topography and surface processes on partitioning deformation
in transpressional systems is clearly displayed along the San AndredSpadila et al., 2007b)
yet most examples of transpressional systems are from arid eagdmegions. Although some
examples display high erosion rates due to glacial influence (e.g. Denali fault, Alpine fault), our
understanding of transpression in highly erosive tropicalatésiis limited to Southeast Asia
(e.g. Mae Ping fault, Sorong fault) and the Caribbean (e.g. EPGF®itéie faults) regions.

An additional motivation for studying transpression in Jamaica comes from the role of
transform and secondary deformation emglating and modifying slivers @blcanic island arcs
prior to amalgamation as terranes that may coalesce on continental njdwgimston, 2001;
keng?®°r, 1987, k e n.JRisrprocess,knoNraas @dbbon fectonics 20s0ggested
to be amajor driving force in creating continer{tse . g . keng®°r ,awithadheNat al ' i n,

strike-slip deformation in Jamaica representing a window into the translation stage of this



process. The role of transpression in exposing and translating-ataadic margins may hold
cluesabout the process of crustaicretionin the formation of continents.

The BMRB in Jamaica occuvgithin a narrow zong< 30 km)of uplift that is uniformly
influenced by rainfall yearound suggesting that erosion coul@yplan important role in
dictatingboth thestrain pattern and efficiency of partitioning-féeeld plate motion into local
vertical deformation. Yet not enough informat@imout theonset or rates of rock uplift existto
make a meaningful comparison &xtonic boundary conditions. Previous work suggests normal
fault structures were reactivatddring the Miocene asraversetranspressional system
(Benford et al., 2014; Burke et al., 1980; Mann and Burke, 1%@®has not focused
specifically on the rock uplift in the BMRBaleontological and sedimentological evidence
suggests that the basement within the BMRB was subaerially exposed by the middle to late
Miocene(JamesWilliamson et al., 2014)yetthe timing of this uplift event has not been
corroborated by rigorous, multhineral closure system thermochronology. As a result, the
specific timing ofthe onset of rock uplift, how it relates to kinematics of the EPGF, and the
exhumation rate within the restning bend over the past few million yeaesnain unknownit
is therefore not possible to compare how this transpressional example fits into the partitioning
model, as well as how climate and surface erosivity affect the deformation style and rock uplift
patterns.

The aim of this study is to estimate the bedrock cooling history associated with
transpressioand rock upliftwithin the BMRB, using apatite ({@h)/He (AHe), zircon (U
Th)/He (ZHe), argorargon {°Ar/*°Ar), and zircon UPb dating. These isotopéges constrain
the crystallization age of basemant-rocksand the subsequent cooling history related to recent

transpressional deformationow-temperature cooling agesnstrainthe exhumatioristory of
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the restraining bend and its current rates ok ngplift. When placed in a context of other global
examples of transpression from a spectrum of tectonic and climatic conditions, the results imply
that climatic controls on pwghear dominated, nestrike-slip-partitioned, smailkcale

transpressional g#&gs have a greater influence on the efficiency of exhumation and partitioning

into vertical deformation.

22.0TECTONIC SETTING

Jamaica is positioned along the northern boundary between the Caribbean and North
American Plates, and is the emergent tip of the drowned carbonate platform of the Nicaraguan
Rise(Sanchez et al., 2015)he Nicaraguan Rise is comprised26f28 km of volcanic
arc/basaltic basement, overlain by a series of clastic, volcanic, and carbonat@roeks 1969;
Multti et al., 2005)Regionally, the tectonic setting is dominated by sinistral stlikefaulting
due to the eastward motion oktlCaribbean Plate relative to the North American Plate (Fig. 1).
North of Jamaica, the Génave Microplate moves west at 7 + 1 mm/yr relative to the Caribbean
Plate(Benford et al., 2012b; DeMets and Wiggi@sandison, 2007)and is proposed to have
formed as the result of the Casdmn Plate colliding with the Bahamas Carbonate Platiotie
middle to lateMiocene(Mann et al., 2002; lnn et al., 1995)The boundaries of the Génave
Microplate consist of the Oriente Fault to the North, the Cayman Spreading Center to the west,
the Haiti Foldand ThrustBelt to the east, and the Walton and Enriguiflantain Garden
(EPGEF) faults to theouth (Fig. 1). The EPGF, which produced the Haiti earthquake of 2010
(Mw=7.0), traces more than 800 km from western Hispaniola to eastern Jamaica and forms a
restraining bend in the Blue Mountains. Cutting through oceanic lithosphere, including the

Caribbean Plate, the island of Hispaniola, and Jamaica, the EPGF has several zones of oblique
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motion, resulting in stepovers, restraining and releasing bends, and duplexes laith @ff
shore(Benford et al., 2012a; Corbeau et al., 2016b; Leroy e2@15; Mann, 2007)

The teconic history of Jamaica is recorded within the geologic assemblages across the
island, divided into different tectonic blocks and belts separated by faults. This includes several
Cretaceous inliers (Fig. 2a) of igneous, metamorphic, and sedimentaryasuoites the island
(Abbott et al., 2010; Abbott et al., 2016; Brown and Mitchell, 2010; Fisher and Mitchell, 2012;
Hastie et al., 2009; Mitchell, 2013a; Mitchell and Blissett, 2001; Mitchell et al., 2011; West et
al., 2014) subsequent Paleocetoe=ocene rift basin deposi¢s.g. Mann and Burke, 1990)
Eocendo Miocene carbonate platform un{iglitchell, 2004;2013h)andmiddle Miocene to
Quaternary carbonate and clastic deposits of the Coastal @ammpsWilliamson and Mitchell,
2012; JamedVilliamson et al., 2014)Based on the geologic and tectonic constraibraper
(1987)originally suggested a fotgtage tectonic history for the island: 1) Cretacdowsarly
Eocene island arc formation; 2) PaleocenEocene extensional phase; 3) Eocenmiddle
Miocenetectonicallyquiescent phasand 4) midlle Mioceneto Quaternary leftateral
transpression causing the emergence.

Locally, Jamaica accommodates oblique collision of the Génave microplate with the
Caribbean platdransferring plate motion from the EPGF to the Cayman SpreadingrCente
(Burke et al., 1980; Mann and Burke, 1984; Mann et al., 198%) island itské has been left
laterally translated several hundred kilometers since collision with the Yucatan BlocK_at¢he
CretaceougHastie et al., 2010; Pindell et al., 2012he strile-slip faults across Jamaica are E
W striking, leftlateral faults, and are thought to have formed during the formation of the Great
Caribbean Arc, originally as-B/ striking, northward dipping reverse structugBsnford et al.,

2014; Mitchell, 2003)From north to south, the stridsip faults consist of the Walton fault, the

12



Duanvale fault, ta Central Jamaican fault zone (Rio MirGoawle River, Caaliers, and Siloah
faults), the Aeolus Valley fault (in the Blue Mountsarea), the EPGF, and the South Coast
fault zone (Fig. 2b). Cumulative offset across these structures is unknown, buteviten
offset on specific individual faults (including the EPGF in eastern Jamaica)-dfe ki@ (Burke
et al., 1980; Mitchell, 2003; Wadge and Draper, 19R@Vverse faults are also prevalent across
the island, with predominantly NV8E striking oblique slip faults serving as transfer faults
between the strikslip strands (e.g(WigginsGrandison and Atakan, 2009)heseaults are
proposed to be reactivated from Paleoderteocenenormal faults that bounded the Wagwater
rift (Benford et al., 2014; Burke et al., 1980; Draper, 2008; Mann and Burke, 1984;1B80)
history is recorded ithe exhumed stratigraphic sequences of the Wagwater Belt, Montpelier
Newmark Trough, and John Crow Mounta{esy. Jame®Villiamson et al., 2014; Mann and
Burke, 1990; Robinson, 189(Fig. 2a). Typical values of throw on the reverse faults in
southwest are suggested to b2 km (Benford et al., 2014)

Recent evidence faslandwide fault activity has been corroborated by multiple studies
involving GPS (Global Positioning Systenfigpcal mechanisms, and paleoseismology. Geodetic
data suggests the EPGF and Central Jamaican fault zone are the masiigtsitkactures in
Jamaicale.g. Benford et al., 2012b; Koehler et al., 2013; Wig@nandison and Atakan, 2005)
The vector field of leHlateral motion of Jamaica relatite the Caribbean Plate increases from
south to north, suggesting an elastic strain gradient that sums to ~7 oftotal motion of the
Gonave platéBenford et al., 2012b; DeMets and Wiggi@sandison, 2007 Multiple focal
mechanism studies indicate variation of mean prin@paks axes across the island (western
Jamaicagreatest princigl stress ~19) subhorizontal;eastern Jamaicgreatest princial stress

~8(, subhorizontd), suggesting a complex fatdtray with a heterogeneous upper crust
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(Benford et al., 2012b; DeMets and Wiggi@sandison, 2007; Van Dusen and Doser, 2000;
Wiggins-Grandison, 2001; Wiggir&randison and Atakan, 200%Ithough no major rupture
has occurred in modern times, penetrative deformation acrosssathe is evident based on
historical seismic events, namely th@92 Port Royal (estimatedWW 8.0) the1907 Kingston
(Ms~ 6.5) and 1957 Montego Bay (WM~ 6.9 earthquakes. While the ruptured faults
responsible for these events remain unclear, tgz@aoseismology studies along the EPGF
suggests Holocene rupture in the past 500 y&arshler et al., 2013)urthermore, recent
bathymetric studiesrpvide evidence for active faulting along the EPGF in the Jamaican
Passage, suggesting a significant portion of North American Plate motion (~2 cm/yr) must be
accommodated by the EP@Eorbeau et al., 2016a; Corbeau et al., 2016b; Leroy et al.,.2015)
While these studies provide ample evidence for ongoing deformation in Jamaica, there is
much debate about the total amount of vertigalistoeing accommodated within the BMRB.
Benford et al. (2014ecently proposed a model for how strilgp and reverse faults combine to
accommodate plate motion across Jamaica based oar@R$avitydata. In their interacting
fault array model, the &V striking Central Jamaicanu’t zone and South Coast fault zone act as
transfer zones, with reverse motion affecting deformation close to the transfer zones. This model
predicts that slip transfer between minor faults precludes the need for a major, thoougyh
structure from E t&V across Jamaicdhe South Coast fault zone, however, has been suggested
to be inactive during the Quaternary, and therefore may not contribute to the current overall
strain pattern within this modé@oehler et al., 2013)Additionally, Benford et al. (2014)
proposedhatthe low velocity gradient €2 mm/yr) across the Blue Mountaiizselated to the
cumulative deformation ocating along the other restraining blocks between the Central

Jamaican and South Coast fault zones, such that the BMRB is inferred to experience little active
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contraction and rock uplift. The geodetic data, however, resolve vertical motion poorly, and rock
uplift rates have not been measured.

Various studies have used the geomorphology and stratigraphy of Jamaica to infer uplift
history, including the onset of island formation as well as the sequence of vertical deformation
across the major tectonic blogi&own and Mitchell, 2010; Dominguézonzalez et al., 2015a,;
Fisher and Mitchell, 2012; Jamé&gilliamson et al., 2014; Mitchell, 2004;2013a;2016)
Stratigraphicand geomorphic relationships of volcanic ash deposits overlying the-isided
carbonate platform, subsequently forming bauxite deposits, suggest that Jamaica was subaerially
exposed by the mdde Miocene(Comer et al., 19805upporting stratigraphic evidence of the
onset of vertical rock uplift in Jamaica is recognized in the metamorphic and igneous clasts,
derived from the Blue Mountains, found in the Coastal Grauiddle?to late Mioceneto
PleistocenejJamesWilliamson and Mitchell, 2012; Jam&¥illiamson et al., 2014)Recent
geomorphic investigations utilized hypsometric integral, stream profiles, and surface roughness
to suggest a propagation of young topography from east to west, and interpret the Blue
Mountains as an older, deeply incised lands¢BpeninguezGonzalez et al., 201haAlthough
the deep incision of the Blue Mountains is evident based on slope distribution (Fig. 2c), the idea
of the Blue Mountains as being inactive contradicisentmodelsthateastern Jamaica is a
more recently exhnumed landscape. This studymdgoaphy does not take into account geologic
data, however, such as important stratigraphic evidence that supports a young landscape in
eastern JamaiqMitchell et al., 2015)Yet models cannot be tested with¢hermochronological
data forthetiming of rock uplift, and this data do@st exist for the Blue Mountains or Central

JamaicgdDominguezGonzalez et al., 2015 Mitchell et al., 2015)
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The erosive climate of Jamaica is another reason to expect rapid rock uplift along the
BMRB. Jamaica is located at 118 latitude within a tropicamarineclimate,with the Blue
Mountains receiving aaverage annual rainfall of ~250 cm(g.g. Scientific Research Council
of Jamaica, 1963; Tanner, 198The region is susceptible to infrequent major rainfall events
driven by Atlantic cyclonic activity, wit numerous documented landslide and mass wasting
events/Ahmad et al., 1997; Northmore et al., 200@)addition to hig precipitation and
prolonged high atmospheric humidity (€80%; Tanner (1980) mean annual temperatures in
Jamaica are very warm (26 at sea leveKeeler (1979). As a result, the BMRB is covered by
a dense tropical rain forest, which pers@iig to active rainfall year rourfétig. 3)(Tanner,

1980) The dense vegation (and associated orgadmich, acidic soil), high rainfall, and warm
temperatureproducerapid chemical weathering of bedro@anner, 198Q)While bedrock
exposure is localized within river channels and aloapgpstr slopesanthropogenic exposures
deeply weathereddte Cretaceous crystalline bedrock in centamhaicalisplay >30m-deep,
highly leached saprolite, with mettitick soil profiles(Ahmad et al., 1997)T'he combination of
heavy precipitation and rapid rock weathering, along with the potential for rapid tectonic uplift,
seemingly should translate to rapid denudation, similar to what is obseroieer similar
settings, including Taiwafe.g. Dadson et al., 20Q3apua New Guingg.g. Miller et al.,

2012) and Puerto Ric¢e.g. Bhatt and McDowell, 2007y he® conditions alsareate

challenges for bedrock sampliagned towardgieochronology (Fig. 3). Whether the climate
enables a coupled erosiertonic system, and how this may affect transpressive deformation,

are key questions we address in our invesbgati
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23.0METHODS
2.3.1 Sampling strategy and sample processing

To constrain the exhumation history associated with transpression in eastern Jamaica, we
collected 16 bedrock samples for low temperature thermochrono(regryl). Because the low
temperature cooling history of the regioruisknown our goal was to capture firstder cooling
age patterns. Therefore, we collected samples from a broad region both across and along the axis
of the BMRB, and sampled at localitisganninga wide range o¢levations (Fig. 4). Samples
were of variable lithology, but were generally not ideal for yielding apatite and zircon. The
sampled lithologies included sandstone, volcanic (rhyolitic, dacitic, andesitic), conglomerate,
gabbro, and several granitoids (Tahl). The major practical limitation was the difficulty in
finding exposed relatively fresh bedro@ax€ept for difficultaccess river channgls the
densely vegetated and deeply weathered rocks of the Blue Mountains.

The majority of our data consist§ AHe and ZHe ages, which are based on the
radiogenic production and thermal diffusion*slie and record the age of exhumation through the
upper ~28 km, corresponding to closure temperature} ¢T~5070°C (AHe) and ~178.95°C
(ZHe) (Ehlers and Farley, 2003; Farley, 2000; Reiners, 2005; Reiners et al., 2004; Spotila, 2005;
Wolf et al., 1996) The cooling ages are dependent on cooling history, geothermal gradient,
crystal size anghape, and presence of radiation damage to the crystal (Bitoxen et al.,
2013; Ehlers and Farley, 2003; Flowers et al., 2008¢ techniques used for the higher
temperature systems are discussed below.

Due to complications in sampdgiality and complex lithologies for finding datable
minerals, we collected large-@tkg) bulk samples and applied standard mineral separation

techniques. Samples were crushed and sieved208® ¢ m, passed over a Wi
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separation), andufther processed for apatite and zircon using standard magnetic and density
separation technigues. In general, apatite and zircon yields and quality from these samples were
poor, requiring multiple cycles of heavy liquid mineral separation and carefol ggigiction.

Datable apatite was recovered from 13 samples, while datable zircon was recovered from only 6
samples. Optical petrography also showed that several samples had relatively unaltered
potassiurrbearing minerals. These samples were processe@ffatithe U.S. Geological

Survey, and optically pure mineral separates of amphibole detti&par were obtained from

sample JAM20. Powderray diffraction of the Kfeldspar separate showed that it was

orthoclase (see supplement, Section 1). Pure misepalrates of sufficient mass could not be

extracted from the other samples.

2.3.2 Data Collection

Apatite (U-Th)/He analyses were completed at Virginia Tech. Apatite grains were
handpicked at 100x magnification. Selected grains typically had a diasnéter> 60 em ( Tab
andfree of microeinclusions Multiple aliquots (average=5) of -Blgrains per sample, equaling
to ~0.01i 0.04 mg per aliquot, were used to determine the reproducibility for each sample age.
In samples with limited apatite contentsdepristine grains were dated and we relied on the
reproducibility of multiple aliquots to reveal problems with sample quality (e.qg. inclusions,
zonation). Aliquots were placed in a platinum tubes and outgassed twice®a @520
minutes in a resistardurnace. The outgasstide was spiked withHe and measured via
isotope ratio using a quadrupole mass spectrometergasvwhreshold for the blank correction
on this system is 0.02 fméiHe. Radiogenic parent isotopic measuremeiitsl (23U, 232Th,

1%Sm) were measured at the University of Arizona using isotope dilution viIE.P
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Cumulative error based on uncertainty of each individual measurement is expected to be 5%
(14G), although natural samples, i ppodugedto ng t he
about 10% (10) .

Zircon (U-Th)/He ages were measured at the University of Arizona Radiogenic Helium
Dating Laboratory (ARHDL). Samples were first handpicked, screened for inclusions, and
photographed at Virginia Tech for grain morphology (onlyirgs with terminated pyramids
used), appearance, and gr ai n &andbaxesn@able 2).r e me nt
Single grain aliquots were placed in niobium tubes, with >5 aliquots per sample for sedimentary
rocks and 3 aliquots per sample for plutonic rocks. Helium was extracted from zircon by laser
heating to 100250°C, with multiple heatingycles to ensure complete gas extraction (heating
was terminated when successive cycles containe2bs bf the total He content). The liberated
gas was then spiked withle and*HeffHe measurements were made by quadrupole mass
spectrometry. Parent isotogd-Th-Sm) measurements involve complete dissolution of the
zircons within the Nb tubes using HHINOs in high-pressure digestion vessels and then analysis
by isotope dilution ICAMS. Zircon from the Fish Canyon Tuff was used as a star{@aiders,

2005) The propagated uncertainty for typical zircons ages is approximaBeBpl ( 1 G ) . For
detailed methodology see the ARDHL websit
(http://www.geo.arizona.edu/~reiners/arhdl/procs.htm).

Amphibole and orthoclase separated from JAM20 were irradiated for 30 hours at the U.S.
Geological Survey TRIGA reactor in Denver, ColorgBalrymple et al., 1981)T'he irradiation
flux was monitored with Fish Canyon sanidf¢CT-2, Cebula et al., 198®&ith a preferred age
of 28.@® Ma(Renne et al., 1998CaF and KkSQs were also included to monitor interfering

isotope production ratios (see supplement, Section 1). Following irradiation separates from
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JAM20 were analyzed by tH8Ar/*°Ar furnace stegheating method at the U.S. Geological
Survey*®Ar/3°Ar laboratory in Resto, VA. The samples were heated inrbihute increments in
a doublevacuum lowblank furnacgStaudachr et al., 1978)vith a tantalum crucible and
molybdenum liner. Evolved gasses were cleaned in a fully automatagj@ extraction line
prior to inlet to the mass spectrometer. The gasses were then analyzed in 6 cycles with a MAP
216 noble gas maspectrometer fitted with Johnston MM electron multiplier and operated in
the static mode. Data collection and analysis were done with MassSpe¢Dein®, 2014)and
details of the analytical methods used are giveviéAleer et al. (2017)

Zircon U/Pb ages were measured via-l#P-MS at the University of Arizona in the
LaserChron Center (ALC)pflowing the methods diehrels et al. (2008Ywo samples were
dated using this technique (see supplement, Section 2). Single grain spot analyses were measured
on 10 (JAM9)and 18 (JAMZ20) grains per sample in order to constrain uncertainties, and test the
statistical fit between the measured ages and the standard. FIGPLMS is coupled to a laser
ablation system for precision and accuracy of ages, with the ages basedsmiage ratios of
206pp P38y, 208ppPO4pp, 208ppPO7Ph, and®’PbP™U (Gehrels et al., 2009; Gehrels et al., 2008)
The ages are primarily tested against two standards: the Sri Lanka and Duluth gabbro zircons,

yieldnganIDT| MS age of 563 N 2.3 Ma (204) and 1099

1-2% (Gehrels et al., 2008; Paces and Miller, 1993; Schmitz et al., .2003)

2.3.3 Data Analysis
Many workers have reported that the scatter in age of replicate analyses of apatite and
zircon by the (UTh)/He method typically exceed that expected based on analytical uncertainties

(e.qg. Ehlers and Farley, 2003; Farley, 2000; Reiners et al.,.Z0@& possible causes for age
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dispersion are numerouxluding: micro-inclusions, parent element zonation, and radiation
damage. Because these factors are difficult to aas@ssri our approach was to date multiple
aliquots and cull apparently spurious ages. Our data treatment is below but the complete dataset,
including culled analyses, is presented in Tables 1 and 2.

The errors reported in Table 1 for average measured AHe ages are the standard deviation
(10) from the mean. Prior to calculating mean ages, we culled from the data specific age
determinations that we more than a factor of two greater or less than the mean age (determined
in an iterative fashion). The culled age determinations consist almost entirely of ages that are
anomalously old relative to other aliquots of the same sample (Table 1). Theskgédpation
for anomalously old AHe ages is the presence of excess radidgeniom undetected and
insoluble micreinclusions rich in U and Th (i.e. zircon). We expect this to be a problem because
of the poor apatite quality of our samples. We measaitegh number of replicates (<85 in
each sample to counter the problem of outliers and poor reproducibility. Despite this, several
samples did not yield geologically plausible ages. Sample JAM1 had a reproducible mean age,
but was older than basemenystallization ages. Sample JAM10 had extremely high age
dispersion, from which a mean age would be meaningless. Sample JAM6 reproduced poorly and,
even after culling apparent outliers, had a mean age that exceeded the ZHe age for the same
sample. Althoughve do not know the reasons why these three samples reproduced so poorly and
yielded such old ages, we suspect there may be problems with the sample quality and do not
consider them in our interpretations. From the remaining 13 samples, a total of 15 age
determinations were culled as outliers, or 22% of the total data set. Two of these samples (JAM4
and JAM15) had limited apatite content and therefore only few age determinations, which we

regard as poorly constrained. The mean reproducibility of these I8esawas 25% @. This
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reproducibility exceeds that from other recent AHe studies usingdead lithologies from our
laboratory(e.g. Spotila and Berger, 2010; Fame et al., in review; Tramél, 011; Valentino et
al., 2016) likely an expression of even worse sample quality.

Errors reported on Table 2 for average measured ZHe ages are also the standard deviation
of replicate analyse3he average standard detida for ZHe ages was 12%({(L This average
was calculated afteyeveraindividual age determinations were culled from the data set (n=8,
32% of total). Because of the lower number of replicate analyses for ZHe ages, we used a lower
threshold for classying anomalous age determination§@% of the mean age) in comparison
to the AHe dataset. Several mean ZHe ages are based on only two age determinations and should
be viewed as poorly constrained (JAM16, JAM20).

Complete isotopic data for tH8Ar/*°Ar and U/Pb analyses are presented in the
supplement. For tfAr/*°Ar analysessinglst ep age uncertainties are
suppl ement, Section 1) and plateau, isochron,
40Ar/3°Ar plateau age is reported where contiguous steps agree at the 95% confidence level and
contain >50% of thé%Ark (Fleck et al., 1977)An inverse isotope correlation age is reported if
contiguous steps containing >50% of #&rk yield a regression line with an MSWD (mean
standard weighted deviation) < 2.5. Contiguous steps in the age spectrurhdolase for
JAM20 do not meet the statistical criteria for a plateau age. Nevertheless, the spectrum is
relatively flat, and the structural state of the feldspar indicates it cooled rapidly. Therefore, we
report a weighted average age for a subset of #tapsiclude > 90% of th&Ark. Errors
associated with the U/ Pb are given as 210, i gn
probability of concordance ranges from 0.13 (JAM9, n=®P8 (Jam20, n=17), and the MSWD

ranges from 2.3 (JAM9) 0.00087(JAM20) (see supplement, Section 2). A probability density
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function indicates each sample reproduced well, with zero rejected ages, and suggests each age is

tightly constrained (see supplement, Section 2).

2.3.4 Thermal History

Sample cooling historiesere modeled using the age data and closure temperatures for
the various isotopic systems. For AHe ages, closure temperatures were calculated following
Dodson (1973)using the apde diffusion properties dfarley (2000pnde ach sampl eds ¢
size and estimated cooling history (performed iteratively). Given a lack of age correlation with
eU and young cooling ages, we did not take potential radiation damage into account for
calculating AHe closure temperatures. Resultingule temperature {Ifor AHe ages varied
from 5280 °C. For ZHe we assume that thei¥ 110°C greater than the respective AHe T
calculated for all 6 samplée.g.Reiners, 2005; Reiners et al., 2003)ven the apparent rapid
cooling from high temperature for these rocks (see Results) we usd a550+50°C for the
diffusion of argon in amphibolg.g. Baxter2010; McDougall and Harrison, 1990d a T of
~350+50°C for the diffusion of argon in orthocla@@axter, 2010) The U/Pb zircon ages are
interpreted to reflect their time of crystallization.

To compare the AHe and ZHe systems, pserldeationage plots were constructed,
assuming a difference in AHeHe closure temperature of 130, an assumed geothermal
gradient of30°C (SimontLabric et al., 2013)and a resulting AHe closure depth of 2 km. This
approach shifts the elevation of ZHe samples upwards proportionate to the difference in closure
temperature, in this case by 3.7 KReiners et al., 2003We also used an ambient surface
temperature of 268C a sea leve(Keeler, 1979and a lapse rate of°®/km for calculations.

Exhumation rates were estimated using these parameters and the calculated AHe closure
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temperatures. Potential perturbations of isotherms due todheadteon in rapidly exhuming

crust were not accounted for using therkimematic models, given the modest relief and narrow
width of the BMRB(Braun, 2002; Braun et al., 2012; Ehlers and Farley, 2@B®&j)ause of the
uncertainty in measured AHe ages, the poorly constrained geothermal gradient, and the lack of
thermaekinematic modeling, our exhumation estimates should be considered-asdast
approximations.

Thermal histories of samples with multiple dated mineral systems were modeled using
HeFTy softwardKetcham, 2005a;b)This was performed to obtain tighter constraints on the
timing of changes in cooling rate (e.g. onset of rock uplift) more accurate estimates of
Neogene cooling rates related to orogenic exhumation. HeFTy contipeteiedicted (U
Th)/He coolingages forour forward models using the helium production and diffusion equations
for diffusion and ejection parameters forpestive mineralgFarley, 2000; Ketcham et al., 2011;
Reiners et al., 2004Forward models are constrained by existing data, including known time
temperature points from geologic information or other geochronometers, and well as initial
hypotheses for how samples cooled. Results from forward models are used as a guidegfor settin
constraints in inverse modeling. Based on our forward model parameterst (icg.€ach
thermochronometer), inverse models using Monte Carlo analysis (n=1%000@0 runs) were
generated until 100 goefit paths and a goodnesé-fit over 80% was obiaed. If 100 gooefit
paths were not found, then the model ran until 100 acceptable paths were estimated, to estimate
all possible cooling histories fitting to the defined constraints. These models statistically identify
the quality of fit of different sagarios of the measured ages. We modeled cooling histories using

this method for four samples (JAM9, 11, 19, and 20) based on specific criteria, including having
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multiple thermochronometers per sample and geographic location (i.e. widespread lateral and

vetrtical distribution).

240RESUTS

Our results provide the first quantitative constraints ornd¥wetemperature cooling
historyof Blue Mountairs arc basement rocks, including the timing of onset atelaf rapid
Neogene exhumatieassociated transpssion along the EPGF. Data also provide-tirster
constraints on the pattern of exhumation across the restraining bend, including three general
zones: the core of the BMRB north of the EP@Iglit samples along our vertical tran3ettte
BMRB periphey (two low-elevation sedimentary samplasd two lowelevation plutonic
sampley, and the Wagwater Belt (two samples south oBiue MountainsYallahs fault3.

Well-constrained AHe ages from the BMRB are generally young, ranging from ~1 to 6
Ma (Table 1Fig. 4), but with several exceptions, including samples that did not produce
meaningful ages (JAM1, JAM6, and JAM10, as discussed above). Several samples along the
peripheral eastern and western flanks of the BMRB are also somewhat older; JAM17 (6 Ma) and
JAM15 (10 Ma) (Fig. 4). One sample from within the Wagwater Belt yielded an older age
(JAM13; 30 Ma), but this sample is volcanic and the AHeragg have been only partially reset
after the eruption (i.e. would yield an old age but not as old as thgestwvolcanism in Jamaica
(early Eocene))Aside from these exceptions, the youngs(Ma) ages occur throughout the core
of the BMRB, indicating significant late Cenozoic exhumation. This includes samples on both
sides of the EPGF (i.e. JAM12, 2 Ma, our the footwall; all other samples are in
hangingwall), suggesting complex kinematics of rock uplift for the BMRB (Fig. 4). Rapid late

Cenozoic exhumation in the BMRB is supported by a rough AHesyation relationship,
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which implies an exhumation ebf 0.3 mm/yr. This exhumation rate, however, is most likely
faster based on closure depth of the youngest sample, where exhumation rate islestimeate
as high as 2 mm/yr (see discussion below) (Fig. 5a). An AHe age of ~5 Ma at Blue Mountain
Peak (226 m), coupled with the relatively steep and continuous slope on theegeion plot,
demonstrate that no partial retention zone is retained near the crest of the range, suggesting
relatively continuous rapid rock uplife.g. Fitzgerald et al., 1993)

Measured ZHe ages range from44 Ma and are consistently older than AHe and
younger than higher temperature systems (Table 2). Zetefagm the core of the Blue
Mountains define an agglevation gradient of 0.20 mm/yr (Fig. 5b), based on weighting of
errors associated with each sample (i.e. JAM6 is weighted less due to large uncertainty in
reproducibility). This gradient suggests maerexhumation rate in the early Miocene, slightly
slower than the younger rate defined by the AHeelgeation gradient. ZHe ages from the
northern flank of the BMRB are considerably older-g3bMa) than in the core of the range<{14
20 Ma), which contrsts with similar AHe ages in both regions. This implies that while recent
exhumation may have been comparable in these areas, earlier exhumation may have been of
lower magnitude on the range flanks.

Ages from higher temperatures systemese obtained fror2 samplesAmphibole from
JAM20 (northern Blue Mountaing)ielded a plateau ad€leck et al., 19779f 71.7 + 1.0 Ma
and an inverse isotope correlation age of 70.8 + 1.4 Ma (see supplement, Section 1). These ages
are slightly older than the U/Pb zircon age from the same sample (68.1 + 0.7 Ma, see
supplement, Séo n 2 ) , al t hough nBReeausk gptical petraglaghpshows g a't
evidence for retrogression (e.g. biotite is nearly completely replaced by chlorite) and because the

amphibole is very low in K (see supplement, Section 1; K/Ca < 0.02), we suggest that a minor
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component of excess argoashaffected the amphibol®icDougall and Haison, 1999) and

that the U/Pb age more closely approximates the emplacement age. Orthoclase from JAM20 also
yielded a flat age spectrum with a weighted average age of 67.9 £ 1.2 Ma (see supplement,
Section 1) overlapping with the U/Pb age. The sinatge of the zircon U/Pb artfiar/*°Ar

orthoclase ages, and the lack of evidence for subsolidus transformation to microcline are strong
evidence for rapid gstemplacement cooling in theate Cretaceous and likely reflects shallow
emplacement ahis unit. Zircon U/Pb from JAM9 confirms the Cretaceous age of the suite with

a produced concordia age of 74.9 + 0.8 Ma (see supplement, Section 2), despite being mapped as
the same pluton as JAMZRrijnen and Chin, 1978)Taken together, these represent additional

age constraints for formation of tBdue Mountains arsuite in the late Cretaceous.

25.0 DISCUSSION
2.5.1Cooling History and Pattern of Rock Uplift

Based on our crystallization and cooling ages, the volemgicocks of the BMRB have
undergone three phasescobling since formation in theate Cretaceous (Fig. 6). The U/Pb
ages for plutonic rocksuggest gystallization in the hte Cretaceous, consistent with a whole
rock age (80 Ma) for a granodiorite near the town of Bath in the southeastern Blue Mountains
(Wadge et al., 1982 he*°Ar/3°Ar ages also reveal La@retaceous cooling down to <380
and suggest shallow emplacement of these plutons. Usifgpi&Ar orthoclase age and the
youngest ZHe age implies a ~55 Mariod of slow cooling at an average rate oPGfkm
throughout much of th€enozoic This is consistent with Eocene to Miocene carbonate platform
developmentlue to postift thermal sukidencda n what has been ter med th

of Jamaican tectoni¢dann and Burke, 1990; Mitchell, 2004Along the southern flank of the
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Blue Mountains, peak metamorphism in the Westphalia and Mt. Hibernia schists wasgdollow

by exhumation and subsequent burial metamorphisin result of Paleocene to early Eocene

rifting (West et al., 2014)0ur“°Ar/*°Ar agesdo not record a period of resetting due to &luri
metamorphism, perhaps becaose samples lie on the upthrovgide (i.e. north) of the

reactivated normal faults associated with the Paleocene to Eocene rifting event, and were not
influenced by subsidence (Fig. #rolonged stasisom 701 20 Mafollowing rapid cooling

from 741 68 Mais generallyconsistent with data from farther to the wedtere theGreen Bay

schistsuite x peri enced t hi s Ais20 MagAblbtt et gl.p20®h ase fr om E

The late Cenozoic cooling history is illustrated by the compositekeyation profile of
AHe ages and shifted ZHe ages from our vertiglgect. This plot suggests two periods of
exhumation: an earlier phase of ~0.2 mm/yr fror62@a, and a more rapid phase of
exhumation of ~0.8 mm/yr from® Ma (Fig. 7). This is only a firatrder approximation, and
there is a range of possible exhuroatrates which fit the data, increasing to as high as 2 mm/yr
for the youngest stage directly adjacent to the EPGF. Nonetheless, #lea®n relationships
indicate a brealn-slope at about 6 Ma. This is the first quantitative evidence within theBMR
to suggest two separate phases of exhumation since the late Miocene.

Thermal modeling using HeFTY provides a more robust estimate of cooling history (Fig.
8ac). Inverse models were run after prescribing specific constraints from the higher temperature
cooling ages. An earlier phase of crystallization and subsequent rapid cooling was constrained
using the U/Pb antPAr/3°Ar ages(74-68 Ma)from the plutonic samples (see supplement,
Section 12). The early cooling phase for JAM19 is less constrainede sinis sandstone
(Cretaceouslkely had a much lower maximum burial temperature (Fig. 8c). Using these initial

constraints, several inverse models for each sample were run using an iterative approach,
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changing the size of-Tconstraints at each node where age data exist. The modeling results are
similar to the closure temperature approach, and reveal several consistent predictions for the later
cooling phase. Model results for samples from the vettiaakect (JAM9 and JAM11) suggest
this phase occurred in two stages, starting with an initial stage of exhumation fresrivi&20
with average cooling rates betweed®°C/Ma (Fig. 8ab). Based on an assumed geothermal
gradient of 30C/km, these coolingates correspond to exhumation rates of ~@.B5mm/yr.
The models reveal a second stage of exhumation beginning betveldia &nd lasting until
preserdday, at an overall faster cooling rate of2M°C/Ma. This cooling corresponds to
exhumation ratesfe-0.7-1.7 mm/yr. The modeling results from JAM19 are less clear, but that
model does suggest an increase in exhumation rate at ~8 Ma (Fig. 8c). The other sample
modeled, which lies on the northern flank of the BMRB (JAM20), shows a somewhat different
cooi ng history. This sampleds most recent st age
(Fig. 8d), corresponding to an exhumation rate of ~1 mm/yr. This later onset and slower
exhumation mayresultr om JAM2006s gr e afroentheEPGERegardlessof( > 15
minor discrepancies, the inverse models indicate astage exhumation history since the late
Miocene, with exhumation rates up to-2Inm/yr (both the northern and southern flanks) since
the Miocendo Pliocene and lasting until the preseay.

The results also provide constraints on the pattern of rock uplift associated with the
BMRB. The lack of variation in AHe ages between the northern and southern flank of the range
suggests a uniform exhumation pattern and wbtiek rock uplift(i.e. entire hangingwall of
the BMRB) consistent with no majoangebounding faulihorth of the EPGEBenford et al.,
2012b) This is illustrated in the relatively flat isochrons of young AHe ages along asantith

transect across the range (Fig. 9a). Older ages on the periphery of the BMRB suggest
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exhumation tapers off outside of the core of the BMRB, depicting a pattern of rock uplift

centered where thght-stepping Blue Mountains restraining bend attaimgieatest fault

curvature along the eastern flank of the Wagwater bhkt the ZHe data do not show this

pattern, but instead show ages becoming steadily older northwards across the range (Fig. 9b),
implies that the northern flank experienced a diffepaitern of (as well as slower) exhumation

from ZHe closure to AHe closure. Given the uncertainty in these age determinations and the
spacing of samples, the pattern of rock uplift is approximate, and there may be details that cannot
be resolved with thexisting dataOne possible detail is trgparentlternating pattern between
younger and older AHe ages along the southern flank, including samples JAM9 (3.4 Ma),

JAM18 (6.4 Ma), JAM4 (3.5 Ma), and JAM19 (5.2 Ma). This pattern would suggest fold

structues along the southern flank of the Blue Mount#iig. 9a). Another possibility is that
isochrons may tilt upwards directly along the EPGF over the youngest age, as a result of
increasedock upliftadjacent to the faulEFurthermore, detailed geologic psawithin the Blue
Mountains core misrepresent some geological units and cannot be interpreted at depth. Our data
do not yet warrant analyses of fault geometry, geological offset, and structures within the

BMRB. In order to delineate detailed structurdatesl to the transpressive deformation,

however, higher spatial and temporal resolution of thermochronometric data is required.

2.5.2 Tectonic Interpretations

The early phase of cooling evidentthethermochronometric resulgse consistenwith
current models of Jamaica and the tectonic framework of the Caribbean. Crystallization and
rapid cooling of plutonic basemecdn be attributed tarcrelated volcanism anaorthward

subduction along the Great Caribbean Arc. Plate reconstructicde@odic models suggest that
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Jamaica collided with the arc in late Campari@aarly Maastrichtiaf~75-70 Ma) along a N
NE dipping subduction zone, and subsequently translated along the northern North American
Caribbean Plate boundafiastie et al., 2010; Pindell et al., 2012he crystallization of the
plutonic basement in tHate Campanian to middMaastrichtian (4-68 Ma) postdates the
formation of the Caribbean Large Igneous Province (~90(&g; Kerr et al., 1997; and
references thereinimplying that plutonic stocks were feeding-amcanism during the initial
stages of Jamaica collidingth the Great Ar¢Pindell et al., 2012)Evidence for widespread
plutonism is visible in other Cretaceous suites across Jamaica. For exampétreagentral
Inlier (Fig. 3), the Above Rocks and Flint River granodiorites have been dated at 63 Ma and 75
Ma, respectivelf{\Chubb and Burke, 1963; Mitchell, 2008;23a) After crystallization of the
granitic plutonscooling through the orthoclad®Ar/*°Ar closuretemperaturén ~5 Masuggests
rapid cooling and therefore shallow pluton emplacement. This modahssstent with
subduction and subsequent exhumation oMheHibernia and Westphalia Schists from-7#&%6
Ma (West et al., 2014)and could be related to uplift between the Chortiskbéoa the Great
Arc (Sanchez et al., 2016)

Following volcaniearc formation and associated metamorphism, several inverted rift
deposits across the island (i.e. Wagwater Belt, John Crow MounténspelieFNewmark
Trough) record a regional rifting phase which exposed the metamorphic rocks ¢m @éndbie
early Paleocene to Eocefeeg. Mann and Burke, 1990; West et al., 20RMdthoughWest et al.
(2014)*°Ar/*°Ar ages record this event within the Westphalia and Mt. Hibernia schists, our
plutonic°Ar/3°Ar ages do not record this rifting phase. The absence of the rifting event may be
attributed to sample distribution, or structuratgion relative to the inverted normal faults

associated with this event (i.e. lie north on the upthreide of these structureg)he tectonic
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gui escence f oltifing phasa swggdstedrby ouc datd is also consistent with
prevailing geologianodels for Jamaica. Islamiide deposition of nearly 3 km of carbonate
(Yellow and White limestone formations) suggests piishg thermal subsidence as a result of
lithospheric coolingdBenford et al., 2014; Draper, 200BmesWilliamson et al., 2014;

Mitchell, 2004) The formation of the carbonate platfqras well as the onlapping of Wagwater
rift deposits (e.g. Richmond Fmprovide anmportant stratigraphic marker for estimating total
thickness of eroded material fraime Blue Mountaiaregion. Furthermore, the deposition of
volcanic ash in the lat® middleMiocene and subsequent bauxite formation suggests the
carbonate platform was subaerially exposed by this (®oener et al., 1980)his was the
beginning stages of Jamaicabs emergence as an
ages.

Existing tectonic models suggests that Neogene transpression between the leading edge
of the Caribbean plate and the Bahamas escarpment resulted in the formation of the Génave
microplate and EPGF systdieg. Benford et al., 2014; Draper, 2008; Mann et al., 1995%
appears to match the stages of exhumation indicated by lower temperature thermochronometry.
ZHe and AHe ages indicate two stages of exhumation within the Miocene. The ZHe data
suggests that the northern and southern flanks @B experienced different cooling
histories. Younger ZHe ages in the south are consistent with onset of exhumhafiohi 0.3
mm/yr at ~20 Ma, while the older cooling ages and associated thermal models for the northern
samples do not. Onset of exhuioatat 20 Ma in the south is consistent with stratigraphic ages
of the August Town formation, where metamorphic clasts indicate subaerial exposure by ~11 Ma
(JamesWwilliamson et al., 2014)The discrepancy between the 20 Ma onset of slower

exhumatiorand the subaerial exposure of-ancks at 11 Ma may be the result of partial erosion
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of the entire suite of White and Yellow limestone cover (i.e. the basement was being exhumed
but was not exposed until the middle Miocene). Additionally, duringstiaige therevas a

significant decrease in spreading rate along the Cayman Ridge (~25 Ma by fRs¥#ncrantz

et al., 1988)which could have forced Jamaica into a state of compressional sagsking in
localized vertical strain withithe upper crust without actual onset of stiskp or transpression
along the EPGF.

As illustrated by the AHe and thermal models across the BMRB, exhumation accelerated
in the late Miocen#o Pliocene (5 Ma), and can be attributed to the formatiothef Gonave
microplate, onset of the EPGF as a radunding fault between the North America and
Caribbean Plates, and thlrortening of the crust within testraining ben@Benford et al.,

2014; JamedVilliamson et al., 2014; Mann et al., 200R)ajor plate kinematic reorganization
took place durig this time as a result of collision and subduction of the Bahamas Platform with
the leading edge of thereaterAntilles Arc (Mann et al., 2002)This tectonic event caused
thrusting south of Hispaniola along the Muertos treimgtiating transpressive strikelip motion
along the EPGFMann et al., 2002)As slip propagated along the EPGF from east to west, the
fault converged with preranspressional NY8E normal faults, reactivating them into theuahd
creating the rightepping BMRB. Assuming a slip rate based on the modern GPS estimate of 5
7 mm/yr(Benford et al., 2012b; DeMets and Wiggi@sandison, 2007}he total strikeslip

offset on the EPGF since inception has beeB@&m. This implies that much of the crust now

in the BMRB once laid offshore to the east, while crust that should have experienced
transpressive deformation in the core of the BMRBH&enadvected tens ddilometersto the

west. This model is consistent with stratigraphic evidence suggesting a tectonic loading and

subsidence of the southeastern Jamaican Gletfeswilliamson et al., 2014)yetdeviates
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somewhat from the modploposed bypominguezGonzalez et al. (2015a)hermochronometry
implies that rapid exhumation and rock uplift are ongoing in the core of the BMRB, whereas
DominguezGonzalez et al. (2015ajterpreted the Blue Mountains to be an older uplith

active rock uplift migraing westward.

The young AHe ages suggest that the BMRB is a major active tectonic element in the
strike-slip kinematics across Jamaica. AHe ages suggest exhumation of ~1 mm/yr across much
of eastern Jamaica. This implies that a sigaift fraction of plate motion is being
accommodated by thrusting and associated rock uplift in the BMRB, particularly given that the
strike-slip motion accommodated in the bend is a maximum of offlyrBn/yr (the entire rate of
the Gonave plate) or may bes little as 23 mm/yr (based on block modelingB&nford et al.
(2012b) While a portion ofthis motionmay be attributed ttranslationon the EPGFtself, some
mayalso occur on unmapped thrdstilts or be distributed across the BMRB. Rock uplift
extending to the northern flank of the range implies that a bouttdingt faultshouldoccur
along the northern shore (see fault mapBurke et al. (1980); Jam&§illiamson et al. (2019)
Leroy et al. (19963uggestshat the northern slopes of Jamaica are partpais#tive flower
structure of the North Jamaican fault zone, which could help drive rock uplift within the
restraining bend. The young AHe age (2 Ma) in the footwall of the BMRB to the south implies
that rock uplift propagates across the main bounding éaaltequires deformation along the
reactivated normal faults bounding the Wagwater rift (i.e. Wagwater and Blue Mountains
Yallahs faultsYMann and Burke, 1990Evidence for compression is also visibidolding
across Long Mountain near Kingst{raper, 2008fFig.3). AHe ages also suggest that rock
uplift may be concanated along the EPGF in the southern BMRB, where exhumation rates may

be as high as 2 mm/yr. A zone of focused uplift could correspond with an area of rapid erosion,
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as indicated by the knickzones, gorges, and-faadallel stream flow along the south&iue
Mountains, as well as focused strain near the bounding structure. This interpretation that the
BMRB is a major active transpressive zafi@ comparablescale to restraining bends along
other major strikeslip faults in the world is in contrast tocent models that suggest it is only a

minor or even inactive component of deformation in Jam@eaford et al., 2014)

2.5.3 Implications for Transpression

Thermochronometry suggests significant late Cenozoic exhumation has occurred in the
BMRB. ZHe ages, the lack of a preserved AHe partial retention zone atop the Blue Mountains,
and the apparent exhumation rate based on AHe ages, suggest the total exlnthziBMRB
since onset at-3 Ma has been at least ~3 km of Yellow and White Limestone, with a more
likely value of ~57 km based on unconformable contacts between the White Limestone and
younger unitgJamesWilliamson et al., 2014)Thepreseniday topography of the Blue
Mountains implies there has been an additional ~2 km of surface uplift in the same time frame.
The resulting magnitude of rock uplift-&km) is significant. Whether considering this from a
crustal volume perspective, or from fherspective of implied shortening rates along 1@/
reverse faults, this rock uplift likely implies a comparable magnitude of horizontal shorigening
beingaccommodatedcross the main thrust (i.e. Blue Mountaifellahs fault) If accurate, this
impliesthat vertical strain has accommodateelB86 of the total transform plate motion across
Jamaica since the late Miocene. Given the plate motion obliquity across the BPGFYir2 0
the restraining bend (Fig. 3), we suggest that the BMRB should be ieldssfpureshear

dominated with a high percentage of deformation partitioned into vertical strain and distributed
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across a wide zone (i.e. not focused only along the EPGF), as in the cofiteyssier et al.
(1995)

In contrast, other transpressive stritgp systems tend to be less efficiently partiédn
For example, the ratios of uplift rate to strie rate in the northern San Gabriel Mountains and
southern San Bernardino Mountains, two psimneardominated locations along the San Andreas
fault in southern California, are only ~0.02 and ~0(B&ischer and Spotila, 2007; Spotila et al.,
2001) relative to 0.18.25 in the BMRB. This suggests tlsaimething (e.g. climatecale, fault
dip, faultarray geometryjnakes slip partitioning more efficient in the BMRB. High erosivity is
an obvious hypothesis for why transpressive deformation is also efficient along the BMRB,
given the heavy annual precipitation and observatibmapid weathering, high slopes, incision,
and mass wasting across the Blue Mountains.

Another apparent difference between the BMRB and transpressive centers in less erosive,
arid settingsis the lack of a gradient in rock upl{ite. AHe agesaway fom the fault zone.
Spotila et al. (2007dpund that rock uplift increased in the near figtdlO km)within
transpressive zones along the San Andreas fault. This was corroborateet al. (2013)
identifying a sharp gradielit 3 Ma/km)in AHe ags away from the trace of the San Andreas
fault in the San Emigdio Mountains. This gradient was interpreted as reflecting concentrated
zone of rock uplift along the fault and strongstal tilting away fronthe fault Although AHe
ages are slightly younger near the EPGF in the BMRB, ages are young across the entire region,
exhibiting only a slight northward tilt away from the EPGF (Fig. 9). This pattern implies that
rapid rock uplift ray be maintained across a broader zone as a result of the presumably more
efficient erosion in Jamaicab6s tr op-Hoc al setti

offshore.
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A final unique aspect of the BMRB is the concentration of topography whkifault
bend itself. At other, similéy sized restraining bends, zones of rock uplift and high relief often
trail off from the center of restraining bends in one or both directions, as zones of uplift are
subsequently advected laterally by strétgp maion on the master fault. An excellent example
of this occurs in the Santa Cruz Mountains along the San AndreaéAadérson, 1990;
Birgmann et al., 1994Yhe lack of a trailing, taperingpme(i.e. gradientpf concentrated rock
uplift away from the center of the BMRB (i.e. to the west) may result from rapid exhumation
(Fig. 2). The combination of erosion and chemical denudation may be sufficiently rapid that
mountainous topography éodel once out of the zone of tectonic rock upl@obally,
variation in erosion rates (i.e. climatic forcing) heavily impacts the topographic expression
within the bend itself, and has been suggested to dictate both the scale (i.e. length to width ratio)
ard the faultpropagation pattern within restraining berjelgy. Cunningham, 2007; Mann, 2007)

That climatically induced erosional efficiency in Jamaica may impart influence on
deformation patterns is consistent with the extensive, mounting evidence for coupling between
climate andectonicgKoons, 1995; Malavieille, 2010; Whipple, 2004; Willett, 1998)this
context, the active tectonics of the BMRB and Jamaica in general may be comparable to the
highly erosive, maritime settings such as Taiwan or Papua New Guinea, each of which
experience several meters per year of precipitation, are heavily \esljetatl tropical or
subtropical with rapid chemical weathering and denuddBaason et al., 2003; Miller et al.,
2012) Similar to these areas, the Blue Mountains of the BMRB may be at erosionalsteady
in which the topography is maintained and all incoming tectanck flux is efficiently
accommodated via erosional efflux, a condition commonly invoked for orogenic wedges

(Burbank et al., 1996; Whipple and Meade, 2004; Willett et al., 200&) low variance of AHe
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ages over the entire BMRB, the rapid exhumation rates, and the uniform influence of
precipitation by the easterly trade winds (i.e. there is nedweside of the range), suggest a
possible erosional steadyate for thdBMRB (Spotila, 2005)This implies that convergén

orogenic wedges may not be the only setting to attain such a climatiailiged balance of
tectonics and erosion, but rather that this may also be attained in the mogéfasetting ofa
strike-slip restraining bend&.g. Cunningham, 2007; Mann, 200&K)final implicationis the
dimensions and relief of transpressive mountain ranges in tropical settings may be misleading,

and that without thermochronometric constraints major zones of rock uplift may be overlooked.

2.6.0 CONCLUSIONS

Our results provide firsbrder constints on the thermal history within the Blue
Mountairs restraining bend, beginmy with crystallization of the island arelated plutonic
rocks as part of the Great Arc of the Caribbean in the Late Cretaceous, and continuing through
two pulses of exhumiain in a leftlateral restraining bend setting during the middle Miocene to
Recent. These results wembtained fronextensive replicate measuremepita  6f pdor)
guality apatite and zircon grains. Crystallization and heghperature cooling ages sagts
rapid, shallow emplacement of platinto the lower crust in theate Cretaceous %68 Ma)
during subduction along the Great Caribbean (&rg. Neill et al., 2011)New AHe and ZHe
ages suggest two stages of rock uplift; a slower (~0.2 mm/yr) stggelvg as early as the
early Miocene (~26 Ma), and a more rapid (<=2mm/yr) stage beginning late Miocene (~6
Ma-Present). While young AHe ages across the Blue Mountains indicate-sdabderock uplift
across a wide zone 30 km)of distributed dedrmation, disparity in ZHe ages along the

northern(341 44 Ma)and southerf14i 19 Ma)flanks is likely a consequence of th&0i 15
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km distance between the sample locati@msl theaemporal differencesf the lithosphere

advecting into the bend it§eBased on the local stratigraphy, a minimum of ~5 km has been
eroded from the Blue Mountains since the island emerged in the late Miocene. Given the present
day 57 mm/yr G6nave plate velocity, the-2Imm/yr rates of rock uplift represent a major
percemage of overall plate motion. We hypothesize the efficiency of transpressional partitioning
into vertical deformation is greatly influenced by climaticafiguced erosivity, with the Blue
Mountains potentially within an erosional steatgite. Despite sifarities in obliquity and plate
velocity with other transpressional systems, the BMRB is significantly more efficient at

accommodating rock uplift due to climatic forcing on ttastraining bend system.
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29.0 Tables.

Table 1.Apatite (U-Th)/He data

Sample Elevation Longitude  Latitude Rock Type mass MWAR He U Th Sm # (_)f = Corr. Age  Average Star_]dgird
(m) (mg) (um) (pmol)  (ppm) (ppm) (ppm) grains (Ma) Age (Ma) Deviation
JAM1* 324 -76.5822  18.1458 Serpentinite 0.0229 77.1 0.1671 7.0 0.3 50.6 3 0.835 231.14
0.0131 53.9 0.1833 129 0.7 62.1 4 0.783 255.43 250.8 17.74 Ma
0.0105 49.3 0.2109  18.0 3.7 130.2 4 0.749 265.69 7.1%
JAM4* 2124 -76.4823  17.9729 Volcanic 0.0053 60.6 0.0004 35 9.6 102.9 2 0.784 2.83
(andesitic) 0.0047 40.8 0.0004 2.8 11.7 141.6 4 0.702 4.12 3.47 0.91 Ma
0.0047 40.7 0.0323 327 39.6 163.8 4 0.685 44.67 26.2%
JAME*** 1724 -76.5789  18.0471 Volcanic 0.0122 67.5 0.0184 142 11.3 128.2 1 0.831 20.32
(rhyolitic) 0.0115 52.7 0.0140 7.2 17.3 122.6 5 0.766 26.41
0.0131 54.6 0.0147 33 7.0 115.2 5 0.775 53.50 24.8 5.73 Ma
0.0072 45.7 0.0026 2.6 8.1 107.2 5 0.727 20.17 23.1%
0.0072 46.9 0.0041 2.6 7.7 113.0 4 0.737 32.17
0.0057 39.9 0.0064 3.2 11.4 130.7 5 0.689 50.41
0.0053 40.6 0.0100 35 11.1 150.0 6 0.702 80.27
JAM7 996 -76.5839  18.0459 Schist 0.0092 69.0 0.0076  27.9 65.9 65.9 2 0.806 4.48
0.0065 55.4 0.0120 21.6 55.8 64.7 3 0.768 12.94
0.0064 50.4 0.0062  33.9 85.2 72.2 4 0.729 4.66 4.70 0.40 Ma
0.0067 53.0 0.0082 37.0 95.3 74.7 4 0.740 5.27 8.5%
0.0050 40.0 0.0035 29.0 67.1 75.2 5 0.681 4.38
JAM8 965 -76.5872  18.0444 Serpentinite 0.0080 103.5 0.0013 14 0.9 324 1 0.869 21.92
0.0112 67.5 0.0003 14 1.4 47.9 2 0.819 3.11
0.0100 55.6 0.0002 1.7 3.3 65.7 3 0.774 221 3.42 1.39 Ma
0.0062 72.0 0.0005 11 2.2 57.1 2 0.830 10.52 40.7%
0.0085 60.1 0.0004 1.5 1.9 65.7 3 0.789 4.94
JAM9 1170 -76.5971  18.0506 Granitoid 0.0174 66.3 0.0013 4.4 10.4 148.3 5 0.824 2.39
0.0177 66.3 0.0015 4.1 10.2 153.2 5 0.800 3.05
0.0184 59.9 0.0023 5.2 14.8 169.8 5 0.793 3.35 3.39 0.72 Ma
0.0140 56.6 0.0015 3.8 9.7 145.1 5 0.777 4.16 21.2%
0.0134 53.5 0.0017 5.1 11.6 157.4 5 0.770 3.99
JAM1O*** 1262 -76.6101  18.0368 Granitoid 0.0026 31.9 0.0141 4.9 15.9 293.5 5 0.644 178.03
0.0031 33.2 0.0008 4.1 10.5 134.7 6 0.656 11.42
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0.0029 31.8 0.0012 3.6 9.2 125.0 5 0.647 19.95
0.0040 30.4 0.0010 7.1 18.3 128.2 7 0.641 6.44 10.0 3.12 Ma
0.0049 33.0 0.0015 4.3 10.5 132.3 6 0.670 12.19 31.1%
0.0034 32.4 0.0035 5.0 13.3 202.2 6 0.666 34.28
0.0030 30.5 0.0005 4.1 11.9 142.3 7 0.639 66.59
JAM11 709 -76.6106 18.0344 Granodiorite 0.0130 96.6 0.0008 10.9 16.2 143.6 1 0.890 0.92
0.0138 76.5 0.0016  19.9 20.3 127.9 3 0.835 1.07
0.0090 69.6 0.0020 28.6 29.5 151.6 2 0.817 1.42
0.0081 48.2 0.0028 34.1 30.1 127.7 5 0.727 2.17 1.23 0.31 Ma
0.0224 66.3 0.0028 21.2 23.6 127.0 5 0.816 1.07 25.2%
0.0151 59.6 0.0016 114 145 151.5 5 0.800 1.68
JAM12 515 -76.6321 18.0457 Conglomerate  0.0276 87.9 0.0029 4.8 154 115.6 2 0.871 2.69
0.0412 108.6 0.0229 6.5 20.9 299.3 2 0.876 10.22
0.0210 94.5 0.0066 6.7 24.7 352.4 2 0.863 5.32 2.93 1.07 Ma
0.0306 66.8 0.0066 5.7 24.3 284.2 4 0.811 4.27 36.5%
0.0274 60.9 0.0052 7.8 23.6 334.2 6 0.786 3.35
0.0137 69.7 0.0026 5.9 24.7 193.3 2 0.823 3.67
0.0112 72.8 0.0008 6.9 23.1 455.4 2 0.828 1.26
0.0117 67.5 0.0015 6.1 27.5 252.1 2 0.812 2.34
JAM13 965 -76.6174 18.0482 Volcanic 0.0238 103.5 0.0222 55 4.0 75.7 1 0.882 30.83
(dacitic) 0.0184 126.0 0.0104 12 2.7 114.2 1 0.891 59.91
0.0137 99.0 0.0095 4.0 6.3 59.4 1 0.874 27.20 30.4 2.28 Ma
0.0163 79.2 0.1513 427 1015 1454 2 0.844 31.09 7.5%
0.0211 75.4 0.0127 2.7 5.3 93.0 3 0.851 32.56
JAM15 123 -76.6394 18.0238 Sandstone 0.0323 96.8 0.0080 1.7 9.8 177.6 2 0.870 12.69 9.97 3.84 Ma
0.0324 96.5 0.0065 3.2 111 151.1 2 0.871 7.26 38.5%
JAM16 472 -76.6772 18.0293 Granitoid 0.0187 61.5 0.0014 6.7 9.1 177.0 5 0.799 1.96
0.0291 70.5 0.0147  10.9 11.3 206.4 4 0.815 8.59
0.0201 82.5 0.0015 7.2 8.3 171.9 3 0.839 1.80 1.99 0.21 Ma
0.0134 66.5 0.0011 6.8 7.5 163.4 3 0.803 2.22 10.5%
0.0129 49.7 0.0025 8.4 8.7 184.5 6 0.741 4.66
JAM17 47 -76.5050 18.1276  Conglomerate  0.0197 87.6 0.0023 4.4 4.9 123.1 2 0.857 4.66
0.0189 84.8 0.0065 4.1 8.4 98.6 2 0.852 12,51
0.0166 83.9 0.0038 51 9.4 91.6 2 0.843 6.89 5.77 1.58 Ma
0.0171 85.6 0.0061 4.2 6.2 102.1 2 0.862 13.78 27.4%
JAM18 1545 -76.4290 18.0771 Gabbro 0.0151 87.4 0.0063 4.0 9.7 140.5 1 0.866 14.06
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0.0310 73.9 0.0058 4.3 11.2 147.8 5 0.850 5.82
0.0304 79.7 0.0041 3.9 9.6 130.3 5 0.858 4.69
0.0196 76.0 0.0043 3.9 10.7 132.7 5 0.841 7.50
0.0208 64.8 0.0057 4.2 18.3 136.0 5 0.829 7.18 6.36 1.04 Ma
0.0148 54.9 0.0033 4.8 12.0 156.5 5 0.792 6.89 16.4%
0.0292 77.2 0.0059 4.5 11.8 145.4 5 0.846 6.09

JAM19 2237 -76.6165 18.1474 Sandstone 0.0104 56.4 0.0024 5.0 15.1 150.8 4 0.783 6.36
0.0076 44.2 0.0052 4.1 9.2 176.2 5 0.721 2.80
0.0072 43.1 0.0015 4.7 12.4 138.3 5 0.714 7.14
0.0064 41.8 0.0009 4.1 12.6 183.7 5 0.708 5.32 5.24 1.72 Ma
0.0078 45.4 0.0011 4.2 10.5 134.7 5 0.736 5.37 32.8%
0.0046 37.5 0.0009 4.0 141 165.3 5 0.687 7.50
0.0068 49.7 0.0005 3.4 8.5 189.2 4 0.759 3.64
0.0055 43.8 0.0007 5.7 14.9 155.1 4 0.719 3.77

JAM20 100 -76.8392 18.2887 Granitoid 0.0265 96.5 0.0009 2.2 5.8 146.7 2 0.869 1.94
0.0357 86.8 0.0017 1.9 4.9 156.2 3 0.863 3.26 2.27 0.87 Ma
0.0275 66.9 0.0031 2.4 6.3 156.6 5 0.825 6.40 38.1%
0.0187 61.8 0.0017 25 6.7 136.7 4 0.805 511
0.0200 62.7 0.0015 8.7 10.9 152.4 5 0.791 1.62

MWAR = mass-weighted average radius

Fr = alpha ejected correction factor

eU = U + (0.235 x Th), effective uranium concentration

Standard deviation of ages used for average are as Ma and percent
Ages in red are excluded from averages (see 3.3 for explanation)

Latitude, longitude, and vertical datum are WGS84

*Anomalously old age that reproduced, but is inconsistent with age of the rocks and all other data.

**Low He gas content; should be considered poorly constrained

***Measured ages did not reproduce into a meaningful average age.
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Table 2. Zircon (UTh)/He data

Sample mass zirc (g) He U Th ThiU 4He/lg Raw age *Corr. lsage Average Star_]de_ard
(pmol)  (ppm) (ppm) (nmol) (Ma) age (Ma) (Ma) Age (Ma) Deviation
JAM6_Z1 2.70E -06 0.0345 141.3 69.0 0.5012 12.78 15.03 21.00 0.41
JAM6_Z2 2.77E -06 0.0290 151.7 78.9 0.5332 10.49 11.42 15.99 0.25
JAM6_Z3 1.53E -06 0.0150 102.7 58.1 0.5802 9.83 15.65 23.03 0.48 13.86 3.04 Ma
JAM6_Z74 1.29E -06 0.0080 146.2 80.0 0.5617 6.21 6.98 10.38 0.28 21.9%
JAM6_Z5 1.68E -06 0.0181 173.6 87.4 0.5164 10.79 10.30 15.20 0.24
JAM6_Z6 2.20E -06 0.0579 150.3 83.7 0.5714 26.37 28.71 39.58 0.87
JAM9_Z1 3.35E -06 0.0744 3146 203.8 0.6646 22.20 11.34 14.99 0.21
JAM9_Z2 5.18E -06 0.1035 271.6 164.3 0.6206 19.98 11.93 15.29 0.21 17.25 2.67 Ma
JAM9_Z3 3.22E -06 0.0560 187.2 89.3 0.4895 17.41 15.49 20.68 0.30 15.5%
JAM9_Z5 1.32E -05 0.2774 220.2 145.7 0.6788 21.02 15.30 18.06 0.37
JAM11 75 8.33E -06 0.0678 121.3 50.0 0.4226 8.13 11.34 13.71 0.29
JAM11 76 9.36E -06 0.0030 84.0 35.6 0.4340 0.32 0.64 0.77 0.02 15.18 1.91 Ma
JAM11 77 4.96E -06 0.1291 320.9 154.8 0.4948 26.03 13.50 17.34 0.25 12.6%
JAM11_Z8 4.47E -06 0.0192 64.6 26.8 0.4264 4.30 11.25 14.49 0.22
JAM16_71 3.89E -06 0.1965 194.7 163.4 0.8607 50.50 40.02 53.30 0.75
JAM16_Z2 4.27E -06 0.2603 4145 123.2 0.3049 60.89 25.43 32.89 0.49 34.73 2.60 Ma
JAM16_Z3 3.13E -06 0.0725 141.9 60.4 0.4363 23.18 27.48 36.57 0.69 7.5%
JAM19 71 1.94E -06 0.0129 93.5 34.6 0.3802 6.67 12.16 16.91 0.34
JAM19 72 2.19E -06 0.0439 160.5 80.5 0.5143 20.07 20.72 28.83 0.55
JAM19_Z3 1.42E -06 0.0117 96.8 48.2 0.5104 8.26 14.15 20.79 0.44 19.73 2.47 Ma
JAM19_74 3.47E -06 0.0690 148.4 86.5 0.5979 19.90 21.83 28.81 0.53 12.5%
JAM19_7Z5 1.33E -06 0.0303 254.0 161.9 0.6537 22.73 14.42 21.49 0.40
JAM20_71 2.32E -06 0.0888 191.9 121.8 0.6512 38.32 32.15 44.43 0.80
JAM20_72 2.64E -06 0.1956 381.4 180.5 0.4855 74.13 32.36 43.88 0.79 44.15 0.39 Ma
JAM20_Z3 3.80E -06 0.0202 87.3 334 0.3918 5.33 10.38 12.84 0.25 0.9%
Latitude, longitude, elevation, and lithology for each sample can be found in AHe data table
1s error of measurement, 1 standard deviation of the mean
Standard deviation of ages used for average are as Ma and percent
Ages in red are excluded from average (see 3.3 for explanation)
U and Th ppm based on mass of zircon grains
*Fr correction factors for 238U. 235U, 22Th, 47Sm used for corrected age given in supplement
Full data table can be found in supplement, Section 3
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DeMets et al. (2010)nd are relative to a fixed Caribbean Plate. Lower figure: GPS velocities for the Gona@ataare from
Benford et al. (2012Yelative to a fixed Caribbean Plate. Red star indicates epicenter of the 2010 Haiti earthquakeQMEPGF
T Enriquillo Plantain Garden Fault, HRBHaiti Fold Belt SCFZi South Coast fault zone, BMRBBIue Mountains restraining
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1/3 aresecond ASTER DEM indicating the major faults within Jamaica. GPS telufci
Gobnave microplate relative to fixed Caribbean P{Benford et al., 2012; DeMets and Wiggins
Grandison, 2007)aults shown are the major throughing faults of Jamaica and are a
composite from several sourg@&enford et al., 2012; Benford et al., 2014; Jaividliamson et
al., 2014; Mitchell, 2016; Wiggin&randison and Atakan, 2008PS vectors from Benford et
al. (2012b) relative to fixed Caribbean Plddashed lines proposed continuation of faults
offshore. AVFi Aeolus Valley fault, BMF Blue Mountairs fault, CJFZi Central Jaraican
fault zone, DR Duanvale fault, EPGF Enriquillo Plantain Garden fault, WiFWalton fault
WWEF i Wagwater faultC) Slopeangle map derived from 1/3 arc second ASTER DEM,
showing that the Blue Mountamegion has the greatest magnitude of relref steepest slopes
of Jamaica.
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Figure3. Field photos from bedrock sampling during 2014 campaign. Top: Facing east, a photo
composite of Blue Mountain Peak showing complete coverage of slopes by thick vegetation.
Taken near JAM10 (see Fig. 4). Lower left: Slot canyon on northern flank of Bluat®ins in

the Swift River watershed showing a knickzone within nestical facef Cretaceous

sedimentary bedrockocated south of JAM2(Late Cretaceous granodiorit@ee Fig. 4). Lower

middle: Typical bedrock sampling location of deeply weathgradite near saprolite conditions,
located at JAM9 (see Fig. 4). Lower right: Facing east, highly vegetated, extremely steep slopes
vulnerable to mass wasting during storm events. Taken upslope and to the east of JAM1 (see Fig.
4) [photos taken by Willian€ochran]
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Figure5. AgeElevation plots for mean AHe (A) and ZHe (B) ages locatitkin the core of Blue Mountains. Number labels
corresponds to sample number found in Tables 1 & 2 and Figure 4. Each line is a linear regression of data along tremsedical
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closure(Spotila, 2005)B) Data are separated by the northern and southern flanks, with tHi lIrestof data only along the southern
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Figure8. HeFTYinverse models of timemperature cooling history for A) JAM9, B) JAM11,

C) JAM19, and D) JAM20. The darand lightgrey represent all the godd and acceptabhéit
pathways, respectively, basedketcham (2005and the input model parameters, including: He,
Th, and Sm concentrations, calibrations of activation energy and ggdmoetrFarley (2000)

alpha particle distandeom Ketcham et al. (2011pand corrected ages from thermochronometric
(i.e. AHe and ZHe) analyses. The gdddand acceptabhit paths based on a Monte Carlo
simulation of the data, with the bdgtline for the specific run as the black line. For all models,
each pathway was halved 2 times for simplicity in the model. Models of the plutonic rocks (A, B,
D) show three phases of cooling: 1) Crystallization and shallow emplacement in the Late
Cretaceous; 2)Blonged stasis and slow cooling from Paleocene to middle Miocene; and 3)
Rapid exhumation from middle Miocene to present, involwng stages of exhumation: ~20

Ma at 0.2 mm/yr, and 5 MBresent at ~1.0 mm/yr. For our sedimentary sample (C), buaal to
depth large enough to force total reset of closure system. Following a period of gradual
exhumation, ~6 Ma shows a potential increase in exhumation rate. All models represent a period
of rapid exhumation beginning ~5 Ma and lasting until the Present day.
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Figure9. Age-distance plots for AHe (top) and ZHe (bottom) along topographic profile from south to north within the Blue Mountains
(A-A6; see Fig. 4 for profile I ocation). Isochron possiandi ons ar
uncertainties. AHe age isochrons are flat across most of the range, indicating rapid exhumation in the core and él@M&Bf th

although slightly greater rock uplift directly along the fault. ZHe isochrons are tilted upwards to the south, due towaedor

increase in ZHe age. The difference in these isochron patterns indicates changes in the style of deformati@ntérésl&kElosure,

and how exhumation patterns have changed due to advection of crust into the bend.
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2.11.0SUPPLEMENTMATERIAL

Section 1.

Table 1.%°Ar/*°Ar step heating experiments for JAM20, amphibole.

Step *Temp “Opr “Opr Sa0 Sar Sao SAr Sag SIAr Sa7 Soar
(moles) (wlts) (wolts) (volts) (wolts) (volts) (wolts) (wlts) (volts) (wolts)
A 650 7.95E-14 0.405327 0.000707 0.000897 0.000011 0.001130  0.000022 0.002591 0.000032  0.001343
B 850 6.77E-14 0.345080 0.000667 0.011415 0.000046 0.003424 0.000030 0.048322 0.000102 0.000940
C 950 5.84E-14 0.297635 0.000646 0.007508 0.000035 0.001477 0.000021 0.007754 0.000044 0.000843
D 1050 5.78E-14 0.294629 0.000707 0.019097 0.000053 0.006896 0.000041 0.049981 0.000112  0.000625
E 1100 9.17E-14 0.467271 0.000701 0.042715 0.000072 0.030346  0.000070 0.209224 0.000181  0.000960
F 1150 2.75E-13 1.403913 0.000874 0.154781 0.000170 0.122249 0.000151 1.164819 0.000460  0.002884
G 1200 9.04E-14 0.460549 0.000695 0.045840 0.000082 0.033821 0.000077 0.316134 0.000201  0.000982
H 1250 6.71E-14 0.341817 0.000661 0.035563 0.000073 0.027878 0.000068 0.247479 0.000191  0.000677
| 1300 7.40E-14 0.377324 0.000707 0.042006 0.000063 0.031698 0.000070 0.286281 0.000201  0.000700
J 1350 3.71E-14 0.188980 0.000632 0.018972 0.000053 0.015928 0.000057 0.140058 0.000141 0.000401
K 1450 2.29E-14 0.116821 0.000606 0.007663 0.000032 0.006672  0.000035 0.057189 0.000097  0.000283
L 1650 5.47E-14 0.279026 0.000667 0.001414 0.000019 0.001406 0.000020 0.010576  0.000053  0.000893
Step S36 %A OAr/Arg s Age s ca/K CliK ®Ar SN
(wlts) (Ma) (Ma) (%total) (moles)
A 0.000021 2.4 10.74881 7.28061 115.74 75.93 25.069 0.76822 0.2 1.74E-16
B 0.000021 24.8 7.58170 0.55484 82.40 5.89 36.746 0.21542 2.9 2.21E-15
C 0.000019 17.3 6.86064 0.78169 74.72 8.34 8.972 0.12930 1.9 1.47E-15
D 0.000019 43.7 6.79897 0.30097 74.07 3.21 22.751 0.27146 4.9 3.72E-15
E 0.000020 56.2 6.24209 0.15856 68.11 1.70 42.607 0.55018 11.0 8.26E-15
F 0.000024 70.6 6.54709 0.11523 71.38 1.23 65.508 0.61357 39.9 2.97E-14
G 0.000021 62.9 6.44816 0.16794 70.32 1.80 60.074 0.57190 11.8 8.81E-15
H 0.000021 68.8 6.75262 0.20174 73.57 2.15 60.658 0.60884 9.2 6.83E-15
| 0.000019 73.8 6.76854 0.17002 73.74 1.81 59.448 0.58596 10.8 8.08E-15
J 0.000019 65.4 6.65608 0.31824 72.54 3.40 64.437 0.65267 4.9 3.64E-15
K 0.000018 47.0 7.33258 0.73825 79.75 7.85 65.188 0.67502 2.0 1.47E-15
L 0.000022 6.8 13.77896 4.77057 147.07 48.90 65.397 0.68542 0.4 2.71E-16
RUN INFO
Sample: JAM20 Lab #: 31062 J: 0.006164(15)
Mineral: Amphibole D1: 1.00676(86) Heating Time (s): 600
Irradiation ¢ 9.45 Sensitivity (mol/volt):  1.962E-13(45) 39ArKTot (mol): 7.46E-14
Mass (mg): 29.551 Days Since Irr: 76 37 treatment: normal
JAM20, Amphibole Age Summary
Age s Steps 39Ar 40/36i s40/36i
(Ma) (Ma) (%total)
Plateau Age 71.7 0.5 F-L 79.0 295.5
Isochron Age 70.8 0.7 A-L 100.0 302 4
Total Gas Age 72.4

62



Table 2.4%Ar/*Ar step Heating Experimentsr JAM20, K-spar

Step *Temp “Onr “Oar Sao SOAr S3g SBAr Sag STAr Sa7 Ay
(moles) (wlts) (wlts) (wlts) (wlts) (wlts) (wlts) (wolts) (wlts) (wlts)
A 600 6.63E-14 0.337926 0.000788 0.005971 0.000032 0.000931 0.000017 0.000091 0.000030 0.001115
B 700 6.67E-14 0.339960 0.000737 0.037963 0.000068 0.001311 0.000018 0.000320 0.000031  0.000450
C 800 1.46E-13 0.743393 0.000844 0.113724 0.000120 0.001920 0.000019 0.000792 0.000030 0.000265
D 850 1.20E-13 0.609551 0.000902 0.091890 0.000130 0.001257 0.000018 0.000470 0.000030  0.000132
E 900 1.36E-13 0.695187 0.000857 0.106208 0.000140 0.001425 0.000017 0.000440 0.000031  0.000087
F 950 2.01E-13 1.025142 0.000922 0.154051 0.000130 0.002218 0.000019 0.000479 0.000031  0.000188
G 1000 2.49E-13 1.268520 0.000876 0.191896 0.000190 0.002652 0.000024 0.000445 0.000030 0.000182
H 1050 2.61E-13 1.331736 0.000950 0.199856 0.000170 0.002680 0.000023 0.000350 0.000030  0.000164
| 1100 2.46E-13 1.252445 0.001030 0.188097 0.000160 0.002571  0.000021 0.000357 0.000030  0.000184
J 1150 2.59E-13 1.318618 0.000943 0.198800 0.000130 0.002822  0.000027 0.000562 0.000030  0.000220
K 1200 2.40E-13 1.225643 0.000863 0.180764 0.000130 0.002675 0.000022 0.000995 0.000032 0.000334
L 1250 2.76E-13 1.407007 0.001015 0.211814 0.000170 0.003500 0.000027 0.001480 0.000032  0.000338
M 1300 6.70E-13 3.415671 0.001290 0.523397 0.000270 0.010096 0.000037 0.001134 0.000033  0.000601
N 1350 1.11E-12 5.641099 0.001644 0.854238 0.000410 0.016419 0.000054 0.000605 0.000031  0.001209
o 1450 4.96E-13 2.529362 0.001100 0.368162 0.000220 0.007006 0.000041 0.000505 0.000031 0.000663
P 1650 3.38E-13 1.724663 0.001038 0.114634 0.000140 0.002771  0.000020 0.000076 0.000029  0.003311
Step Sa %" Ar* “Opr/39Ar, s Age s CalkK CI/K *Ar BAr
(wolts) (Ma) (Ma) (Ytotal) (moles)

A 0.000017 2.5 1.43621 0.87461 15.87 9.62 0.135 0.08590 0.2 1.17E-15
B 0.000016 60.9 5.44828 0.12576 59.49 1.35 0.075 0.01546 11 7.46E-15
C 0.000015 89.5 5.84320 0.04118 63.72 0.44 0.062 0.00286 3.2 2.23E-14
D 0.000015 93.6 6.20406 0.04984 67.59 0.53 0.045 0.00045 2.6 1.81E-14
E 0.000015 96.3 6.29589 0.04484 68.57 0.48 0.037 0.00033 3.0 2.09E-14
F 0.000016 94.6 6.28607 0.03153 68.46 0.34 0.028 0.00105 4.3 3.03E-14
G 0.000015 95.8 6.32214 0.02565 68.85 0.27 0.021 0.00063 5.4 3.77E-14
H 0.000015 96.4 6.41357 0.02427 69.82 0.26 0.016 0.00033 5.6 3.93E-14
| 0.000015 95.7 6.36187 0.02601 69.27 0.28 0.017 0.00051 5.3 3.70E-14
J 0.000015 95.1 6.29838 0.02473 68.59 0.26 0.025 0.00091 5.6 3.91E-14
K 0.000015 92.0 6.22816 0.02662 67.84 0.28 0.049 0.00127 5.1 3.55E-14
L 0.000016 92.9 6.16519 0.02488 67.17 0.27 0.062 0.00268 6.0 4.16E-14
M 0.000018 94.8 6.17935 0.01266 67.32 0.14 0.019 0.00495 14.8 1.03E-13
N 0.000018 93.7 6.17741 0.01003 67.30 0.11 0.006 0.00485 24.1 1.68E-13
(0] 0.000018 92.3 6.33004 0.01674 68.93 0.18 0.012 0.00464 10.4 7.23E-14
P 0.000023 43.2 6.50162 0.06987 70.76 0.75 0.006 0.00471 3.2 2.25E-14

RUN INFO

Sample: JAM20 Lab #: 32062- J: 0.006153(15)

Mineral: K-SPAR D1: 1.00676(86) Heating Time (s): 600

Irradiation ¢ 8.95 Sensitivity (mol/volt): 1.962E-13(45) 39ArKTot (mol): 6.96E-13

Mass (mg):  3.489 Days Since Irr: 77 37 treatment: normal

JAM20, K-Spar Age Summary

Age s Steps 39Ar 40/36i s40/36i
(Ma) (Ma) (Ytotal)

Weightged Ave 67.9 0.60 D-O 92.3 295.5
Isochron Age
Total Gas Age 67.82
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Table 3. All isotopic parameters and correlative references used fdresiipg experiments.

Relative Isotope Values Used

(40Ar/36AnNA
(38AI/36ANA
Interfering isotope production ratios
(40Ar/39ANK
(38Ar/39AnNK
(37Ar/39AnK
(39Ar/37ArCa
(38Ar/37ArCa
(36Ar/37ArCa
(36C1/38Cl)

Ca/K multiplier
Cl/K multiplier
Decay constants
40K lambda e
40K lambda beta
39Ar

37Ar

36Cl lambda beta

*Temperature is an overestimate due to thermal lag. See text.
**Steiger and Jager rounded published values from Nier, 1950.

Uncertainty in the last digit is reported in paranthesis.

295.5 (0)
0.1869 (0)

8.62E-3(142)
1.285E-2(4)
1.59E-4(45)
6.80E-4(18)
8.3E-5(19)
2.78E-4(10)
316(0)
1.92(0)
0.794(0)

5.81E-11(0)
4.962E-10(0)
7.06E-6(8)
1.975E-5(6)
6.12E-09

**Steiger and Jager, 1977
**Steiger and Jager, 1977

This study

This study

This study

This study

This study

This study
Roddick, 1983
Fleck et al., 1977
Reston Lab Data

Steiger and Jager, 1977
Steiger and Jager, 1977
Stoenner et al., 1965
Stoenner et al., 1965
Weast, 1981

Relative isotope values are corrected for baseline, background, mass discrimination and radioactive decay.

Nier's reported values correspond to 40/36A = 296.0(5) and 38/36A = 0.1880(3) (McDougall and Harrison, 1999).

Where no uncertainty was listed in the reference the uncertainty not included in data reduction and is listed here as 0.

Iyr
/d
/d
/d
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Figure 1. JAM20G Amphibole: A) Incident light image of amphibole separate from JAM20. B)
Inverse isotope correlatiatiagram from amphibole step heating experiment. C) Age spectrum
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Figure 2. JAM2Q K-spar: A) Cross polarized light photomicrographtefdspar grain exhibits
Carlsbad twinning suggestingthefKke | dspar i s ort he0.%foma. B)
powder xray diffraction pattern of the Heldspar mineral separate (data corrected for sample
displacement). The presence of a single 131 peak aind0ates the Keldspar is monoclinic
and confirms the optical identification of orthoclasefdRence microcline and orthoclase XRD
patterns are taken from the free online database at rruff.info. C) Age spectrum showing little
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66

2d

(uncertair



Section 2.

Table 1. Data table for spot zircon analyses for JAM9 and JAM20.

Corrected Concentrations and Ratios

Apparent ages (Ma)

Analysis U 206Pb U/Th 206Pb* <+ 207Pb* + 206Pb* + error 206Pb* + 207Pb* + 206Pb* + Best age +
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma)

-Jam 20 Spot 1 56 4025 15 21.9576 5.3 0.0663 6.0 0.0106 2.9 048 677 19 652 38 265 1277 67.7 1.9
-SAMPLE 1 Spot 2 35 2220 2.6 224772 9.2 0.0652 9.6 0.0106 29 030 681 19 641 6.0 835 2255 68.1 1.9
-SAMPLE 1 Spot 3 188 29334 1.1 215350 3.6 0.0656 4.1 0.0102 1.8 0.44 657 12 645 25 203 87.6 65.7 1.2
-SAMPLE 1 Spot 4 69 31802 1.7 19.9429 6.1 0.0758 6.5 0.0110 2.4 037 703 1.7 742 47 201.6 140.6 70.3 1.7
-SAMPLE 1 Spot 5 127 5040 2.0 214298 54 0.0694 538 0.0108 2.2 0.38 69.1 15 681 39 321 1295 69.1 15
-SAMPLE 1 Spot 6 128 28050 2.4 19.8093 4.9 0.0751 5.3 0.0108 2.0 0.38 69.2 14 735 3.8 217.2 1133 69.2 1.4
-SAMPLE 1 Spot 7 33 3467 25 19.5215 9.1 0.0752 10.1 0.0106 4.3 043 683 29 736 7.2 251.0 2105 68.3 2.9
-SAMPLE 1 Spot 8 67 4748 1.4 19.6178 5.8 0.0749 6.3 0.0107 2.6 040 ©68.4 1.7 73.4 45 239.6 133.8 68.4 1.7
-SAMPLE 1 Spot 9 101 43564 1.4 19.4131 4.8 0.0752 5.4 0.0106 2.4 0.44 67.9 1.6 73.6 3.8 263.8 111.0 67.9 1.6
-SAMPLE 1 Spot 10 | 134 6089 2.6 20.8893 5.2 0.0692 5.6 0.0105 2.1 0.38 672 14 680 37 929 1236 67.2 1.4
-SAMPLE 1 Spot 11 72 2406 3.1 23.6094 6.7 0.0612 6.9 0.0105 1.6 0.24 67.2 1.1 60.3 41 205.3 169.2 67.2 1.1
-SAMPLE 1 Spot 12 | 115 83996 2.7 20.2744 6.0 0.0726 6.5 0.0107 2.4 0.37 684 16 711 45 163.2 1409 68.4 1.6
-SAMPLE 1 Spot 13| 72 9210 2.9 20.2546 7.7 0.0735 8.0 0.0108 2.1 0.27 69.2 15 720 56 1655 1813 69.2 1.5
-SAMPLE 1 Spot 14 | 43 1575 2.7 25.7227 7.1 0.0573 7.4 0.0107 2.2 0.30 68.6 1.5 56.6 4.1 425.1 185.5 68.6 1.5
-SAMPLE 1 Spot 15| 85 36164 1.6 19.6835 6.1 0.0751 6.7 0.0107 2.9 0.43 687 20 735 4.8 2319 140.0 68.7 2.0
-SAMPLE 1 Spot 16 | 90 3863 2.5 22,9574 56 0.0640 6.1 0.0107 2.4 0.39 684 16 630 37 1355 139.2 68.4 1.6
-SAMPLE 1 Spot 17 | 104 19655 1.4 20.3168 5.3 0.0715 5.7 0.0105 2.1 0.37 67.6 1.4 70.2 3.8 1584 1231 67.6 1.4
-SAMPLE 1 Spot 18| 82 31297 1.4 20.2964 5.3 0.0733 5.7 0.0108 2.1 0.37 692 15 718 3.9 160.7 1235 69.2 1.5
-JAM9 Spot 36 132 19564 2.4 20.3047 4.2 0.0801 4.6 0.0118 1.9 040 75.6 1.4 78.2 3.5 159.7 98.9 75.6 1.4
-Sample 2 Spot 37 220 23848 1.7 20.1703 3.1 0.0791 3.3 0.0116 1.3 038 741 09 773 25 1752 722 74.1 0.9
-Sample 2 Spot 38 349 37347 1.2 20.7150 3.2 0.0784 3.7 0.0118 1.9 051 754 1.4 76.6 2.8 1127 76.1 75.4 1.4
-Sample 2 Spot 39 155 160318 2.1 19.7998 4.5 0.0814 5.0 0.0117 2.1 043 749 1.6 79.5 3.8 218.3 105.2 74.9 1.6
-Sample 2 Spot 40 215 33435 1.8 20.7763 3.0 0.0776 3.5 0.0117 1.7 049 750 13 759 25 1057 716 75.0 1.3
-Sample 2 Spot 41 288 20076 1.5 20.4826 3.7 0.0792 4.1 0.0118 1.7 0.40 75.4 1.2 77.4 3.0 139.3 87.8 75.4 1.2
-Sample 2 Spot 42 125 6159 2.4 21.6234 4.9 0.0752 5.2 0.0118 1.5 0.29 75.6 11 73.6 3.7 10.5 118.8 75.6 1.1
-Sample 2 Spot 43 169 9035 2.2 20.7768 5.2 0.0787 5.4 0.0119 16 030 760 12 769 4.0 1057 121.8 76.0 1.2
-Sample 2 Spot 44 329 20696 1.1 21.2289 3.0 0.0746 3.2 0.0115 1.2 038 736 09 730 23 546 712 73.6 0.9
-Sample 2 Spot 46 250 32775 1.6 20.8024 3.2 0.0781 3.6 0.0118 1.7 0.48 75.5 1.3 76.3 2.6 102.8 74.6 75.5 1.3

Spot analyses for JAM9 and JAM20 zircons
Concentrations based on measurement of standards (see 3.1, Data Analysis)
Apparent ages based on isotopic ratios of 2°Ph/238U, 297Pp/2%5U, 2°Pp/27Ph

Best ages are used for the concordia diagrams below
ar e

Errors reported
*corrected for common Pb concentrations and fractionation (Gehrels et al., 2008)
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Section 3.

Table 1. Full data tabl®r ZHe measurements, including €orrections, and all relevant measurements.

T

Hetls Utls Thtls mass zirc 4Helg Ft Ft Ft Rs Raw age Corrected 1s age Awerage Standard
Sample  He (pmol) oy VM9 M) 0 Zr(ng)  Zrtls (ng)  THU © Ulpm) T ®Epm) oy 2380 2350 232Th 7S (um)  (Ma)  age (Ma)  (Ma) Age (Ma) Dewation
JAM6_Z1  0.0345 0.0005 0.3818 0.0055 0.1865 0.0027 1344.5029 21.3766 0.5012 2.70E-06 141.31 69.03 12.78 0.721 0.682 0.682 0.911 42.60 15.03 21.00 0.41
JAM6_Z2  0.0290 0.0003 0.4200 0.0060 0.2183 0.0032 1377.6537 21.6911 0.5332 2.77E-06 151.73 78.86 1049 0.719 0.680 0.680 0.910 4237 11.42 15.99 0.25
JAM6_Z3  0.0150 0.0002 0.1566 0.0023 0.0886 0.0013 759.2931 11.9365 0.5802 1.53E-06 102.67 58.07 9.83 0.686 0.642 0.642 0.899 37.38 15.65 23.03 0.48 13.86 3.04
JAM6_Z4  0.0080 0.0002 0.1889 0.0028 0.1034 0.0015 643.3132 10.4741 0.5617 1.29E-06 146.16 80.02 6.21 0.679 0.635 0.635 0.896 36.49 6.98 10.38 0.28 21.9%
JAM6_Z5 0.0181 0.0002 0.2915 0.0042 0.1467 0.0021 835.6473 13.4560 0.5164 1.68E-06 173.60 87.38 10.79 0.684 0.640 0.640 0.898 37.11 10.30 15.20 0.24
JAM6_Z6  0.0579 0.0010  0.3302 0.0054 0.1839 0.0032 1093.5984 16.8753 0.5714 2.20E-06 150.25 83.69 26.37 0.730 0.692 0.692 0.914 4425 28.71 39.58 0.87
JAM9_Z1  0.0744 0.0005 1.0545 0.0152 0.6832 0.0097 1668.0326 26.6114 0.6646 3.35E-06 314.61 203.82 2220 0.762 0.728 0.728 0.924 50.69 11.34 14.99 0.21
JAM9_Z2  0.1035 0.0007 1.4074 0.0202 0.8514 0.0122 2578.6850 43.0923 0.6206 5.18E-06 271.60 164.32 19.98 0.786 0.754 0.754 0.932 56.65 11.93 15.29 0.21 17.25 2.67
JAM9_Z3  0.0560 0.0004 0.6022 0.0088 0.2874 0.0041 1601.2068 25.1762 0.4895 3.22E-06 187.18 89.31 17.41 0.753 0.718 0.718 0.922 48.76 15.49 20.68 0.30 15.5%
JAM9 75  0.2774 0.0046  2.9056 0.0418 1.9224 0.0277 6566.5947 98.9270 0.6788 1.32E-05 220.20 145.69 21.02 0.851 0.829 0.829 0.954 83.34 15.30 18.06 0.37
JAM11_75 0.0678 0.0012 1.0101 0.0146 0.4161 0.0060 4145.2520 62.5544 0.4226 8.33E-06 121.26 49.96 8.13 0.830 0.804 0.804 0.947 7232 11.34 13.71 0.29
JAM11_76 0.0030 0.0001 0.7868 0.0113 0.3328 0.0048 4658.6821 71.2125 0.4340 9.36E-06 84.05 35.55 0.32 0.837 0.812 0.812 0.949 75.68 0.64 0.77 0.02 15.18 1.91
JAM11_Z7 0.1291 0.0009 1.5921 0.0230 0.7679 0.0111 2468.8602 37.0217 0.4948 4.96E-06 320.92 154.78 26.03 0.782 0.751 0.751 0.931 55.79 13.50 17.34 0.25 12.6%
JAM11 78 0.0192 0.0002  0.2888 0.0042 0.1200 0.0018 2225.2177 33.4705 0.4264 4.47E-06 64.58 26.84 430 0.780 0.748 0.748 0.930 55.12 11.25 14.49 0.22
JAM16_71 0.1965 0.0015 0.7580 0.0109 0.6359 0.0092 1936.9714 29.2265 0.8607 3.89E-06 194.74 163.38 50.50 0.757 0.722 0.722 0.923 49.54 40.02 53.30 0.75
JAM16_72 0.2603 0.0018 1.7718 0.0256 0.5266 0.0077 2127.2051 33.1222 0.3049 4.27E-06 41450 123.20 60.89 0.776 0.743 0.743 0.929 54.03 25.43 32.89 0.49 34.73 2.60
JAM16 73 0.0725 0.0010  0.4440 0.0064 0.1888 0.0028 1556.7888 23.7654 0.4363 3.13E-06 141.93 60.36 23.18 0.755 0.720 0.720 0.922 49.15 27.48 36.57 0.69 7.5%
JAM19_71 0.0129 0.0002 0.1815 0.0026 0.0673 0.0010 966.3002 14.8386 0.3802 1.94E-06 93.46 34.63 6.67 0.723 0.684 0.684 0.911 43.03 12.16 16.91 0.34
JAM19_72  0.0439 0.0006 0.3508 0.0051 0.1759 0.0025 1087.8160 16.7077 0.5143 2.19E-06 160.49 80.46 20.07 0.723 0.685 0.685 0.911 43.04 20.72 28.83 0.55
JAM19_73 0.0117 0.0002 0.1370 0.0020 0.0682 0.0010 704.3182 10.7111 0.5104 1.42E-06 96.83 48.18 8.26 0.686 0.643 0.643 0.899 3743 14.15 20.79 0.44 19.73 2.47
JAM19_Z4  0.0690 0.0009 0.5144 0.0074 0.2998 0.0043 1724.6935 25.9313 0.5979 3.47E-06 148.44 86.52 19.90 0.762 0.728 0.728 0.925 50.77 21.83 28.81 0.53 12.5%
JAM19 75 0.0303 0.0004 0.3388 0.0049 0.2159 0.0032 663.7552 10.4121 0.6537 1.33E-06 254.02  161.86 22.73 0.678 0.634 0.634 0.896 36.36 14.42 21.49 0.40
JAM20_71 0.0888 0.0012 0.4446 0.0064 0.2823 0.0041 1153.3153 17.6623 0.6512 2.32E-06 191.86 121.79 38.32 0.729 0.691 0.691 0.913 44.03 32.15 44.43 0.80
JAM20_72  0.1956 0.0025 1.0064 0.0145 0.4763 0.0070 1313.0210 20.4725 0.4855 2.64E-06 381.44 180.52 74.13 0.742 0.705 0.705 0.918 46.36 32.36 43.88 0.79 44.15 0.39
JAM20 73  0.0202 0.0003 0.3317 0.0048 0.1267 0.0018 1889.9888 28.6084 0.3918 3.80E-06 87.34 33.36 533 0.812 0.784 0.784 0.941 65.10 10.38 12.84 0.25 0.9%

All measurements provide 1s (1 sigma) error
Fr is alpha correction factor for a given grain geometry, needed for corrected age
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3.0.0 ABSTRACT

Measuring longerm accumulation of strikslip displacements and transpressional uplift is

difficult where strain is accommodated across wide shear zones, as opposed to a single major
fault. The Eastern California Shear Zone (ECSZ) in southern Califacos@mmodates dextral

shear across several strgip faults and is potentially migrating and cutting through a formerly
convergent zone of the San Bernardino Mountains (SBM). The advection of crust along the San
Andreas fault to the SE has forced these t&ctonic regimes into creating a nexus of interacting
strike-slip faults north of San Gorgonio Pass. These elements make this region ideal for studying
complex fault interactions, evolving fault geometries, and deformational overprinting within a
wide slear zone. Using highesolution topography and field mapping, this study aims to test
whether diffuse, poorly formed stritgdip faults within the uplifted SBM block are nascent

el ements of the ECSZ. Topogr aphi didaraadsUAY ut i on
surveys along two Quaternary strgkp faults, namely the Lake Peak fault and Lone Valley

faults. Although the Lone Valley fault cuts across Quaternary alluvium, the geomorphic
expression is obscured, and may be the result of slow slip aEmntrast, the Lake Peak fault

is locatedat high elevations north of San Gorgonio Peak in the SBM and displaces Quaternary
glacial depositsEven with very higkresolution mappingletermining fault offset is difficult
howeverthe Lake Peak fault @s display evidence for minor riglateral displacement, where

the magnitude of slip would be consistent wit
mm/yr). Compared to the preservation of displacement along-stifkéaults located within the
Mojave Desert, therosive nature of the mountainous landscagas complexity for measuring

fault offset. The distribution of strain across the entire SBM block, the slow rates of slip, and the

geomorphic expression of these faults add difficulty for asspéairit-slip evolution.
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3.1.0 INTRODUCTION

The transient evolution of continental transforms along obliquely deforming zones
provides a window into the complexity of faslirand development and crustal deformation
(Cunningham and Mann, 200 omplex fault patterns are commonly observed along nasce
shear zones and are known to include conjugate fault sets, fault overprinting, and fault slip
partitioning result in dynamic rupture patte(hkarris and Day, 1993; Magistrale and Day, 1999;
Rubin, 1996; Segall and Pollard, 198@long the southern San Andreas fault (SARtem
near San Gorgonio Pass (SGP), the activity, seismogenic role, and likelihood of thomgh
rupture of several major fault strands have been extensively d¢bajelendrick et al., 2015;
Morton and Matti, 1993; Yule, 2009; Yule and Sieh, 20@38) additional complication to this
nexus of interacting fault strands is it®xmity to the Eastern California shear zone (ECSZ)
(Fig. 1). Although many researchers have focused on faults within the @&82ert et al.,
2014; Oskin et al., 2007; Sper et al., 2010; Thatcher et al., 2018)le work has been done
assessing fault kinematics on smaller, dextral faults located within the San Bernardino
Mountains (SBM) that connect the ECSZ to the SARIératanding how slip is transferred
through the SBM on these litttudied faults provideadditional constraints on fault
development in obliquely convergent shear zones.

The complex connection between the ECSZ and SAF in the vicinity of SGP embodies
three fundamental problems related to continental transform fault beh@ivey he possibility
of a developing structural connection between the fault systems in the SBM relates to the
problem of how discontinuous fault strands in shear zones integi@tériaughgoing fault
systems with progressive slip. Strgkp faults are thought to lengthen and integrate by linking

through gaps in faulting arltecome smoothewvith increasing deformatiof\wWesnousky, 1988)
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Yet this behavior is difficult to documerand faults may instead remain poorly integrated due to
ongoing alteration andevelopmenbf stepovers (i.e. slipstrengtheningfBuscher and Spotila,

2007; Cowgill et al., 2004; Gomez et al., 2Q05¢cond, the overlap between diffuse shear and
transpressional deformation in the vicinitytbe SBM relates to the problem of how secondary
deformation advects along either side of a fault bend. Both sides of astiikault may move
equally with respect to a geometric fault feature, but in some cases, it appears that propagation,
or shuntng, of adjacent, evolving transpressional or transtensional deformation fields may occur
at variable rateAnderson, 1990; Burkett et al., 2016; Wakabayashi, 200ially, the

possibility that short, discontinuous structures play a role in accommodating deforimatien
southernmost ECSZ may be relevant for understanding the discrepancy between geodetically and
geologically determined slip ratéBlisniuk et al., 2010; Herbert et al., 2014; McGill et al., 2013;
McGill et al., 2015; Oskin et al., 2008; Spinler et al., 2010; Spotila and Anderson, 2004;
Thatcher et al., 2016This discrepancy has been attributed tefadiit deformation along
poorly-constrained, short structur@iderbert et al., 2014; Shelef and Oskin, 205@)me of

which were not even identified until they experienced historical rug8ied et al., 199).

However, a complete kinematic picture of the EESX connection will not be acquired until

all relevant structures have been adequately characterized.

The kinematics of slip transfer between the SAF and southern ECSZ varies to the east
and west o5GP (Fig. 1). Some strands of the ECSZ appear to transfer slip indirectly to the south
of their terminations at the Pinto Mountain fault into the domain of sinistral faulting and
clockwise vertical axis rotation in the eastern Transverse Ranges (E&arigr et al., 1987)

Western strands of the southern ECSZ appear ingtdadminate or propagate diffusely into the

convergent zone of the SBM, which lies north of the restraining bend at SGP (Fi¢Spo&la
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and Anderson, 2004; Spotila and Sieh, 208@though short, discontinuous northwsgnding

dextral faults have been mapped in the hangingwall to the thrust faults responsible for uplifting
the SBM (Fig. 2), the degree tdieh these provide a througjoing transfer system between the
ECSZ and SAF is unknown. These faults may merge with the Helendale, Old Woman Springs,
and Johnson Valley faults to the north and the Mission Creek and Mill Creek faults and thrusts in
SGP to lhe south, thereby directly feeding slip from the restraining bend into the ECSZ (Fig. 2)
(Kendrick et al., 2015; Matti and Morton, 1993; Yule and Sieh, 20®3}h a connection could

be nascenpropagating through a potentially dying transpressional zone that is advecting
westward with respect to the bend in the §8potila and Anderson, 2004Jowever, little has

been documented about the kinematics of these discontinuous dextral faults, and as a result the
kinematics of this fault confluence are not presently underdsféok, 2009)

The purpose of this study is test the plausibility of slip transfer from the SAF to the ECSZ
via penetrativaelextral shear within the hangingwall block of the SBM. Specifically, we use
high-resolution topography and field mapping to assess the kinematics and evidence for recent
activity along the Lake Peak and Lone Valley faults (Fig. 2). Fault mapping sutigadtsese
faults displace previously mapped Quaternary surficial dep@tiblee, 1964b;1967; Miller
and Cossette, 2004)ut displacement along these fautsinknown. We assess these faults from
the context of whether they represent the southern penetration of the ECSZ into the SBM
transpressional domain and evaluate what potential they have to contribute to slip transfer from
the SAF to the ECSZ. We find ntidle examples for dextral shear within the SBM which
display enough evidence for Quaternary faulting that this region should be considered a transfer

zone of slip from the SAF to the ECSZ.
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320 TECTONIC SETTING
3.2.1 San Andreas fault

The SAFsystemout h of the fABi g Bendo consists of
strands, which decrease in slip rate southwards as strain is transferred to other fault systems (Fig.
1, 2). The Mojave segment of the SAF accommodates ~35 mm/yr of dextra{\deddon and
Sieh, 1985)which decreases to 25 mm/yr at Cajon Pass, where the San Bernardino strand and
the San Jacinto fault diverdMeisling and Weldon, 1989; Weldon and Sieh, 19&ologic
slip rates of 8.5 mm/yr for the past 35 ka have been estimated for the San Bernardino strand
(McGill et al., 2013) Studies suggest the San Jacinto fault initiated betweerlMa and has
accommodated-20 mm/yr slip during the Quaternalisniuk et al.,2010; McGill et al., 2015;
Spinler et al., 2010Both the SAF and San Jacinto fault south of Cajon Pass have been
characterized by temporal and spatial variation in fault behavior, and the decrease in slip
southwards may in part be accommodated by a broad zone of distribute@tsaink et al.,
2010; Matti and Morton, 1993)

SAF slip rate further decreases southwards through San Gorgonio Passltbmdyr
on the Coachella Valley segmdntg. Behr et al., 20105an Gorgonio Pass is a-RM left-step
between the San Bernardino and Coachella Valley strands, along which no clear,-tfmioggh
trace of the SAF exists. The stepoinstead consists of a complex array of dextral strike slip,
reverse, and oblique normal faults, which generate fault slip transtéauttfidleformation, and
rock uplift (Matti and Morton, 1993; Spitat et al., 2001; Yule and Sieh, 2003he SAF through
the pass has been modeled as rolling over with moder&)en@thward dip to merge with the
San Gorgonio Thrust systeffauis et al., 2012)which exhibits ~2.5 mm/yr reverse s(iule

and Sieh, 2003)ut may accommodate as much as 4.5 mm/yr of reverse slip based on modeling
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(Cooke and Dair, 2011Yhe total strikeslip motion accommodated through SGP has been
estimated at ~6 mm/yr, or only oti@rd of the total slip coming northwards from the Coachella
Valley segmat (Rangel and McGill, 2016 Both geodetic and numerical modeling suggests the
missing strain may be transferred north into the EQ®%eless and Meade, 2011; McGill et al.,
2013; Meade and Hager, 2005; Spinler et al., 20l)ough the connectivity of the SAF

through the pass has prompted suggestions of a possib&r bar rupture and therefore a strain
accumulation zongyule, 2009; Yule and Sieh, 200§outh from SGP, the Garnet Hill,

Banning, and Mission Creek faults integrate into the Indio Hills fault, which constitutes the main

strand of Coachella Valley (Behr et al, 2010; Gold et al., 2015).

3.2.2 Eastern Califorai shear zone

The ECSZ is a ~125 km wide zone of diffuse dextral shear involving numerous
northweststriking faults that accommodate ~25% of the motion between the Pacific and North
America plategDibblee, 1961; Dokka and Travis, 1990a;b; Miller et al., 2004& southern
ECSZ in the Mojave Desert conngtite SAF andextension in the Gulf of Califaia with
dextral shear and extension in the southwestern Basin and Range and Walk@ldtamer et
al., 2010) Faults inthe southern ECSZ tia evolveddiachronouly since 46 Ma(Andrew and
Walker, 2017; Glazner et al., 2002; Oskin and Iriondo, 2004; Oskin et al.,. 200i0ugh
individual faultsexhibitonly 1-10 km rightslip, the total dextral slip across the southern ECSZ
is ~5075 km (Andrew and Walker, 2017; Dokka and Travis, 1990a; Glazner et al.,.20GBe
southern Mojave, the ECSZ consistspfdiscontinuousnorthwesttrending, ~3070-km-long

dextral faultqi.e. Hdendale, Lenwood, Camprock, Calico, Pisgah, and Ludlow fa#itejrew
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and Walker, 2017; Oskin et al., 2008hich become more northerly oriented &ifdrcate into
many shorter fault segments southwards towards the SAF (Fig. 2).

The SBM has severdlW-trending dextral strikeslip faults which appear to connect with
faults within the ECSZ (Fig. 2). To the southeast of the Helendale fault lies th§ENiAénding
Lone Valley, where previous mapping suggests a possible continuation of the Heletodale in
this valley(Dibblee, 1964a)Along both the NE and SW sides of the valley are strong lineaments
along the uplands, which we have adopted the name Lone Valley fault (NE and SW) (Fig. 2).
Although rupture history along these faults is unknown, recent maps have suggest fault activity
along the SWside of the valley during the Quaterngiiller and Cossette, 2004Along strike
of Lone Valley to the southwest lies the NNWiking Pipes Canyon fault, where dextral offset
is visible in a strong channel deflection of ~1.8 km (Fig. 2). Characterization of faults within the
core of the SBM has beerglected, with notable faults including the Lake Peak fault
(previously named the ADoll ar Lake faulto by
fault. The Lake Peak fault, located within the North Fork drainage of Whitewater River (Fig.
2,6), dispaces Quaternary glacial deposit previously dated t6lka(Owen et al., 2003)
Mapping suggests a possible ceation between the Lake Peak and Deer Creek fault to the
northwest, although no identifiable fault ineaments have been {@ibdlee, 1964h)The Deer
Creek fault displaya prominent lineament which offsets a ridge, without any other kinematic
information known. Additionally, there are several small, ¥tfAiking faults throughout the
SBM, but no information including age, displacement, and rupture history is known (Fig. 2)
Many of these of these faults could be reactivated as young features, as evidence by the Cleghorn
and Tunnel Ridge faults reactivation in the Pleistocene near CajoMraskng and Weldon,

1989) Nearly all of these faults cut through erosional terrain, as opposed to depositional terrain
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similar to faults within the Mojave Desert, which could be an indication as to whylso litt
information is understood about strikkp faulting within the SBM.

Whether these discontinuous faults are recently active, accommodate significant dextral
motion, and represent a southward continuation of the ECSZ into the SBM is not known. As
such,there is no clear kinematic model for how strain in the western ECSZ is transferred to the
SAF in the vicinity of SGP. An additional complexity is how such a zone of sligdaulting
could be maintained within in a stress domain that favors thru3tiagspressional rock uplift in
the SBM has been explained as the result of convergence iiSpGH#a and Sieh, 200Qkig.

2). In the northern SBM, convergence has been accommodated by motion along the south
dipping North Frontal thrust system and nedipping Santa Ana thrust, deing the broadly
deformed Big Bear blociSpotila and Sieh, 20000 the south, convergence is accommodated
on more steeply dipping structures, including strands of the SAF, and results in greater
magnitudes of deformation and rock up{@potila et al., 1998; 2001; Spotila and Sieh, 2000)
Spotila and Anderson (2004) proposed a kinematic model in which the ECSZ has penetrated
only the eastern portion of the Big Bear block, thereby terminating tlawiss to the east but
permitting thrust faults to the west of the Helendale fault to remain active (Fig. 2). This model
does not explain the potential existence of dextral faults in the central and western SBM,

however, further indicating the need for leafgiult characterization.

3.3.0METHODS
3.3.1 Study areas and approach
We conducted exploratory neotectonic mapping and characterization in remote areas of

the SBM to determine the activity of previously identified northwest trending faults. Although
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bedrock maps have previously been constructed for these areas at coarge.gcdlé2,500;
Dibblee, 1964hk)a concertedeotectonic examination of the discontinuous faults of the central
and eastern SBM has not been previously completed. Because these faults occur in rugged
terrain, we hypothesize that their neotectonic expression may be muted. The faults occur at high
elevation, including across the >3 km high San Gorgonio Massif, and transect rugged hillslopes
that presumably experience rapid erogidpotila and Sieh, 2000 contrast, strands of the
ECSZ to the north of the SBM have been characterized in well preserved alluvial surfaces of the
Mojave Desert. This difference in geomorphic terrain may translate to a preservational bias, in
which faults in the SBM may have experienced more recent fault activity than would otherwise
be interpreted based on coarse mapping of muted neotectonic ex@ession

We concentrated on two locations in the SBM. The Lake Peak fault in the area of Mt. San
Gorgonio was characterized given its youthful geomorphic expression in satellite imagery and
the possibility that it cuts previously mapped glacial morai@egen et al., 2003; Sharp et al.,
1959) The Lone Valley fault was charagted given its proximity to and potential as an along
strike southward continuation of the Helendale féDibblee, 1964a)Although the Helendale
fault trace is lost at the North Frontal thréetlt and cannot be traced through Grapevine
Canyon based dight detection and rangindjdar) (Fig. 3), to the southeast there is a broad,
grabenshaped valley with steep, linear valley walls that may be faulted, making it an ideal
candidate for studyMiller and Cossette (2004iso mapped the Lone Valley fault as cutting
Holocene alluvium in the southeastern side of this valley. Buevinapping of these faults has
not benefitted from high resolution topography, however. We utilized high resolution topography
from bothairborne lidarand aerial photogrammetry to characterize neotectonic activity on these

faults. We also synthesized altisting evidence for northwestending right lateral faulting
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within the upper plate of thrust faults in the SBM, including analysis of fault trend relative to the

main strands of the ECSZ to the north and east.

3.3.2 Data Collection

The airborndidar survey encompassed a ~40%amnea along the Pinto Mountain,

Mission Creek, Mill Creek, and Lake Peak faults, with a focus on the nexus of these converging
strike-slip faults (Fig. 2). The survey was flown in 2016 by the National Center for Airborne

Laser Mapping (NCALM) using the thr@dannel Optech Titan Airborne Laser Terrain Mapper
(channel 1: 1550 nm; channel 2: 1064 nm; channel 3: 532 nm). The scanner parameters affect the
density of the laser pulses (Table 1), with four GPS ground stationalémlating the aircraft

trajectory. The survey was performed during sraff\conditions to ensure true topography was

being returned from the laser sensor. A point density of 4.47 pissset to for consistency

with existinglidar in the region.

We canducted aerial photography surveys in Fall 2016 using a DJI Phantom 3 Advanced
Quadcopter, using both manual and autonomous methods for acquiring photographs. The UAV
is equipped with a 12-megapixel camera attached to-ax3s gimbal (angular control ac@acy
of £0.02). The camera lens has a focal length of 20 mm (i.e. 35 mm format equivalent) and
aperture of f/2.8. Although the altitude above ground level varied due to topography, an average
altitude of 50 m was necessary for the desired decirsetderesolution. Within Lone Valley,
five surveys were collected along the southwestern side of the valley and combined during
processing, totaling ~3,400 photos and ~0.86 @able 2). Along the northeastern side of the
valley, two surveys were combined,atimg 748 photos and ~0.27 kifsee Supplement). Along

Lake Peak fault, the survey totaled ~780 photos for an area of ~0?2&&ah individual survey
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totaled 20 min of flight time with photographs taken at varying degrees of tilt to ensure high
resolution texture mapping in the later stages of processing. Ground control points were evenly
spaced throughout the survey area and were recorded using a GARMIN handheld GPS unit and
verified where necessary using Google Earth.

We conducted surficial field maprof survey areas at 1:2,000 scale using traditional
methods. Mapping of alluvial surfaces was based on sediment lithology, elevation, and channel
incision. We also described alluvium and soil weathering profiles in local soil pits. Scarp and
stream profiés were constructed later using DEMs based on the aerial photography. We also
excavated the ctiank of an ephemeral channel on the SW side of the Lone Valley where
potentially faulted alluvium was observed. A photomosaic was digitized usingnedapixel
PENTAX WG-3 GPS field camera (i.e. focal length 4.5 mm) and used as a basemap for mapping

the exposed alluvial stratigraphy.

3.3.3 Data Processing
Rawlidar data was processed by NCALM and is available on the NSF OpenTopography

website (vww.opentopography.ojgBoth digital elevation models (DEMs) and digital surface

models (DSMs) were generated by NCALM from paitassifiedlidar data, based on the time

of return for each laser pulse (i.esfireturn = vegetation canopy; last return = ground). We
further processed therh resolution DEMs in ArcMap 10.5 to generatendresolution hillshade
maps. A strip map was generated from the final product along the Lake Peak fault for surficial
mapping inArcMap, for interpretation of the relationships between the different geomorphic
surfaces. For further information on procesdidgr data, see the NCALM website

(http://ncalm.cive.uh.edu
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We processed aerial ptographs using structure from motion (SfM) technol@igiyman,
1979) This method applies robust computer algorithms to traditional stereo photogrammetric
techniques, whereby overlapping photographs are processed to create millions of 3D surface
points(Lowe, 2004; Snavelyetal.,@0). The fstructureo (i .e. topocg
ground surface scene, as well as the camera position and orientation, are reconstructed using
overlapping photographs from multiple anglesy. Johnson et al., 2014fM is currently used
for various applications, including 3D surface reconstruction of simple objects, paleoseismology
(Bemis et al., 2014; Reitman et al., 201&)d neotectoniggdohnson et al., 2014; Westoby et al.,
2012) We construted DSMs of survey areas using Agisoft PhotoScan Pro. Dense point clouds
were generated by creating Triangulated Irregular Networks (i.e. TINs), following the methods
of Johnson et al. (2014). Using the default settings, we maximized the face counut®prod
DSMs with ~5 cm/pixel resolution (Table 2). In each model, we classified the point cloud to
remove the vegetation by iteratively changing the headpatveground (0.11.0 m) and angle (0
45°) parameters (defined relatively to the medetermined grouwh points) until an optimal
surface model resulted. The best resulting parameters in all surveys were 0.1 raltwrght
ground and 15surface angle. Based on groutndthing, these values remove the most
vegetation while preserving underlying surface tppphy. Following this approach, DSMs
were thereby transformed into true DEMSs for interpretation of fault location and neotectonic
activity. We followed a similar SfM approach for creation of a-sub/pixel resolution DSM

from digital photographs of the mmntial fault exposure in Lone Valley.
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340RESULTS
34.1 Lone Valley

We selected Lone valley for detailed study because it lies directly-atakg of the
apparent southern termination of the Helendale fault at the North Frontal thrust systezh (Fig.
The Helendale fault has one of the highest slip rates in the southern ECSZ (~1 mm/yr; Oskin et
al., 2008), and for it to continue southeast, possibly to connect to the Pipes Canyon or Pinto
Mountain faults, it would have to run through Lone Valley.dss the valley, there are three
probable locations for such a connector fault: 1) the linear escarpment of the eastern edge of the
Big Bear plateau that forms the western boundary of the valley, 2) the sharp eastern edge of the
valley along Granite Peakr 8) across the middle of the valley where Miller and Cossette (2004)
mapped a northwest trending fault cutting bedrock and Holocene deposits (Fig. 3). Despite the
sharpness of the eastern valley margin, a-héglolution DEM based on SfM analysis shows no
geomorphic evidence for faulting (see Supplement). The 4dogak consists of coarggained
loose granitic colluvium that is banked up against the linear edge of triangular facets. The form
of these deposits are smooth and unbroken by scarps. Ephdragrafjes across these deposits
appear urdeflected. We therefore conclude that if the eastern margin of Lone Valley is faulted,
the fault has not been active recent enough to disturb depositional and erosional surfaces that are
present.

More evidence ofecent faulting is present in the center of Lone Valley. The-high
resolution DEM shows that mapped fault traces locally appear as discontinuesheém
lineaments (Fig. 4b), which Miller and Cossette (2004) interpreted to cut across both
Pennsylvaniamedrock and presumed Holocene alluvium (Fig. 4a). These lineaments are also

visible in aerial photographs on the basis of color changes and lineations, but only in a few
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locations correspond to scarps demarcating elevation step wieéers in the DEM (§. 4b).

|l tds worth noting that these topographic step
where bedrock meets Quaternary alluvium (Fig. 4a). The alluvial surfaces along the fault include
higher, moreincised surfaces of matrsupported, finggrained sediments of carbonate, feldspar,

and granitic lithology and a prominenthorizon with platy structure. Between these are lower
surfaces that consist of firgrained, loose, structureless alluvium. Because of the high sand and
low clay content oftiis carbonateich alluvium, as well as the lack of a wekveloped K

horizon, this surface is soft and does not preserve channel edges or other features. This may in
part explain the lack of a welleveloped scarp in Quaternary alluvium along the prapfzadt.
AlthoughMiller and Cossette (2004)apped discrete faulted bedrock domains and refative

dated alluvial surfaces, in most cagesas not possible to systematically relate these surface
classifications to geomorphic features observable in thereggtiution DEM or in the field.

Additional evidence for faulting along this weakly defined lineament is the deflection of

numerous NEunning streams (Fig. 4b). These deflections are typically on the order-@5-20

m and would correspond to riglatteral motion on the fault (if true offsets). Given the ambiguity

in these deflections, the fact that other streams are not deflected, éaktbEages on the

relevant alluvial surfaces, we hesitate to interpret true lateral offset or speculate on slip rate based
on these observations.

We observed additional evidence for faulting along this weakly defined lineament in a
single exposure. Whin a cutbank of a stream channel we excavated and documented sharp
discontinuities and potential offsets of alluvial beds (Fig. 5). The steefi@hg contact
juxtaposes coarsgrained poorly sorted gravelg.e. coarse sand to bouldsized)and whte,

well-sorted finesand and clay. Rotated clasts witthie coarsegrainedgravel and laminated
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wedgeshaped deposits of coarse sand occur along the contact. Below thegraarsdgravel,
white laminae of clay and fine sand appear to be relativelynearus across the downward
projection of the discontinuity.-dimfehsosseandil|l ayer
we were unable to map distinct, stratigraphic layers across the discontinuity. Although we did
not trace the discontinuity to a niesfault below these lenses, we hypothesize that deeper
excavation at this site might reveal a true fault. While the termination and juxtaposition of layers
along this contact could be interpreted as depositional (i.e. a buttress unconformity), the curren
drainage direction is orthogonal to the contact and tHeaadion with the lineament and
deflected streams suggests a plausible tectonic origin.

The tectonic geomorphology of Lone Valley is thus somewhat ambiguous. Features
across the center of the kgt are roughly consistent with recent righteral faulting, suggesting
a southeastward continuation of the Helendale fault. The minimal evidence for faulting may,
however, imply a low rate of neotectonic activity. Alternatively, the poor topographiessipn
of this fault may be due to the poor preservation capacity of the loose deposits and vegetated

surfaces of the valley.

3.4.2 Lake Peak

The discontinuous, en echelon trace of the Lake Peak fault is clearly visibldidathe
hillshade of the Ndh Fork drainage of the Whitewater River near Mt. San Gorgonio (Fig. 6).
The fault trace begins north of the confluence of the Mill Creek, Mission Creek, and Pinto
Mountain faults in Hell For Sure Canyon, 2.5 km north of the Mill Creek fault, and is mappab
for ~10 km northwestward to Dollar Lake. In the North Fork valley, the fault appears as a dark

lineament on the northern flank of the valley above the trunk stream. Although it clearly cuts
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across numerous tributary gullies, there are no clear latésatso(Fig. 78). To the northwest,
the fault continues as en echelon scarps into higher elevation and cuts glacial deposits. These
deposits have been mapped and dated as-shested, nested end moraines and recessional
loops created by cirque glacietsring the WisconsiSharp et al., 1959 he fault scarp is high
(up to ~20 m) and well defined in these coarse deposits (Fi). 9he faul is also visible as
lineaments in older alluvium that occurs between deposits, although is not visible in active
washes (Fig. 8d). To the northwest of the Mine Shaft Saddle, the fault continues through
complex, lobate glacial deposits of the Dry Lakd &ollar Lake glaciers, but is locally lost in
the complex ribbed, hummocky topography of the lower glacial deposits (Fig. 8a).

Geomorphic mapping of the fault through these deposits based on high resolution
topography and field observations indicates tha fault has likely ruptured in the late
Pleistocene (Fig. 7, 8, 9). The fault scarp occurs within mapped glacial deposits that are dated as
~12-16 ka based on cosmogenic datf@yven et al., 2003Due to the hummocky topography of
these deposits and their coarse nature (typical boulder size ~1 m), there are no clear preserved
offsets of geomorphic features, sushnaoraine edges or crests, that are evident in the LIDAR.
These deposits are also locally mantled by coarse colluvium and talus derived from Mt. San
Gorgonio, further obscuring interpretation of offsets (FigbBa

The higher resolution DEM from SfM alyais of the North Fork glacier deposits shows
the surface complexity of the deposits in more detail (Fig. 9a). The apparent height of the scarp
through this moraine is ~22 m, but this is exaggerated due to the original steep slope of the
faulted materiahs well as addition of boulders to the upper slope (Fig. 10c). The actual vertical
separation across the fault is closer to 10 m (Fige)9Because of the coarseness of the boulder

moraine deposits, there are no clearly defined channels or levee depok#sk for lateral
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displacement. However, we documented two subtle horizontal offsets of ~5 rdqteght) of

stream channels that cut through the moraine and their respective fan deposits downstream (Fig.
9b). These channels are wd#fined uphillof the scarp but are lost to the east of the fault (Fig.

9ab). The proposed offsets are therefore based on the separation of these channels from the apex
of lobate fan deposits of coarse alluvium derived from the eroding moraines (Fig. 9b). We
delineatedhese fans in the field based on the color of fine grained matrix and lateral variations

in grainsize. These slip estimates are speculative, and it is unclear whether more conclusive
determinations could be made given the loose nature and rapid erodiesetoarse deposits.

Figure 9d is a good example of how unstable this intermontane valley is due to the steep, eroding
landscape, particularly so close (< 1 km) to Mt. San Gorgonio (Fig. 8b). Our mapping indicates
loose colluvium is consistently beingpiesited atop the glacial moraines, skewing the true

nature of fault expression, and estimation of fault offsets may be better suited to the northwest
near Dry Lake or Dollar Lake glaciers. If these offsets are valid, however, they would suggest a

minimum dip rate of 0.3 mm/yr based on the age of the glacial deposits.

3.4.3Fault orientation in southern ECSZ

We compared the orientation of strikkp faults in the SBM to the main strands of the
southern ECSZ in the Mojave Desert. The trend of these faults based on published mapping and
measurement using Google Earth & length increments are summarizedrigure 10. The
total length of mapped northwestriking faults in the SBM is 157 km and are grouped together
roughly from south to north (locations on Fig. 2). Groupings include the Lake Peak and Deer
Creek faults (faults 2, 4), the Pipes Canyon faulil{fa), the northeast and southwest Lone

Valley faults (faults (6, 7), and the remaining smaller faults from central SBM to the NFTS
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(faults 1,3,813) (Fig. 2, 10). The average trend of these is°MB5with a variation oft16°
(Fig. 11b). This orientatiors moderately oblique to the regional compressive stress based on
focal mechanisms within the SBM {8, +10) (Heidbach et al., 2016put still favorable for
strike-slip faulting. Individual faults become more northetdgnding with increasing proximity
to the southern ECSZ in the north and east (Fig. 10a). More westerly trending faults also show
more variability in fault trend (Fig. 10c).

The major fault strarglof the southern ECSZ in the Mojave Desert are oriented more
clockwise relative to those in the SBM. Mean orientation of these fault strands/NBig.
10b), which is approximately parallel to the local small circle of relative Paliifich America
motion (N40°W; Savage et al., 200 Hlowever, individual faults in the Mojave become more
northerly trending to the south towards the Pinto Mountain fault (Fig. 10b), such that the local
difference between faults in the SBM and neighboring faultse@EISCZ to the east of the SBM
is more striking (Fig. 2). The angular difference in orientation of faults in the Mojave relative to
the SBM is comparable to the clockwise rotation of maximum compressive stress, which is
~N28E in the southern Mojave DesdHauksson et al., 2002; Heidbach et al., 200®)ividual
Mojave ECSZ faults vary in orientation byl®°, which is similar to the variation in fault
orientation in the SBM (Fig. 16@). This comparison reveals that faults in the SBM are similar

in orientation, although systematically shifted, relative torttain strands of the southern ECSZ.

3.5.0 DISCUSSION

3.5.1 Evidence for strikslip faulting in the SBM hanging wall

The results from this study provide two distinct exampldatefPleistocene to Holocene
dextral faulting within the San Bernardino Muains. The fault offsets we observe along both
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the Lake Peak fault and Lone Valley fault are speculative and should be considered as evidence
that slip may be transferred from the SAF to the ECSZ via dextral faults within the SBM. For
example, the Lone dley lies along strike from the Helendale fault to the northwest, and has
been active since the Pleistocé@skin et al., 2008)Our data suggests that the Lone Valley

fault is a likely candidate for a througjoingfault in this region. Similarly, our investigations

along the Lake Peak fault suggests the potential for slip transfer from the SAF northward into the
SBM. To the south, the Mill Creek fault has been suggested to be inactive since(Michiee!

Oskin, 2017, personal communication; Kendricklgt215) South of the Mill Creek fault lies

the Mission Creek fault, which has not been active since the late Quaternary, suggesting that a
more favorable fault geometry which includes the Lake Peak fault may be occurring along this
portion of the Sar\ndreas faul{Kendrick et al., 2015)A relatively low rate of slip along the

Lake Peak fault seems plausibligeto the splaying nature of the Aorth from the Coachella

Valley segment north into SGP.

The orientation of dextral faults within the eastern SBM have similarities to the southern
ECSZ, where the average trend of the faults shows a more northwéstedyas you move from
south to nah across the SBM (Fig. 10a). The southern ECSZ also shows this trend in orientation
(Fig. 10b), leading to thieypothesis that the NWfending faults are older and have rotated
counterclockwise to become unfavorable for slip, whereas {tneriding fauls are nascerfNur
et al., 1993)This hypothesis is not strongly supported by evidencedonterclockwise
vertical axis rotation in the Mojave, howe\@&lazner et al., 2002; Golombek and Brown, 1988)
Paleoseismic data also fail to suggastematic evolution towards the more northémiynding
faults (Rockwell et al., 2000We suggest that faults in the eastern SBM are more likely to be

associated with the ECSZ than the SAF, due to thedeginee of variability in average trend.
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While this is not a new hypothesis, connecting ECSZ with dextral faults within the SBM has yet
to be suggested.

Other locations within the SBM provide strong evidence dextral shear (Fig. 11). The
Pipes Canyon fault is dextrally offset by 1.8 km in two locations. One section shows a deflected
channel within Pipes Canyon, and another shows an offigeiahfan from the mouth of a major
channel. No age constraints, however, exist for this fault, and it is unknown how the timing and
fault kinematics relate to the regional deformation pattékimng strike of the Lake Peak fault
to the northwest, thed®r Creek fault displays evidence for Quaternary displacement, but no
kinematic data exists for this fayBpotila and Sieh, 20007 his fault is mapped to displace the
much older Santa Ana thrust in the central SBM and could represent another nascent dextral fault
within the SBM. Inthe vicinity of the Big Bear aftershock sequence, a northeasding linear
valley could be the location of the fault which the earthquakes were generated. Since the Big
Bear aftershocks did not rupture at the surface, no speculation as to a posathia f a
surface fault has been conducted. Although strictly speculative, this location may provide
evidence for a long rupture history, increasing the validity of earthquake hazard for the SBM.

The slip rate discrepancy between geologicahd geodtically-determined fault
kinematics may be resolved if dextral faults within the SBM were added into the overall slip
budget. Geodetically determined slip rates for the southern ECSZ are suggested to be ~15 mm/yr
for all the main faults (i.e. HelendaJ&€amp Rock, Calice, Lenwood, Ludlow, Johnson
Valley-, Emerson and PisgaiBullion- faults) (McGill et al., 2015; Meade artdager, 2005;
Spinler et al., 2010P-3 times larger than the sum of the late Pleistocene slip rate of ~6 mm/yr
across the same faul®skin et al., 2008McGill et al. (2015)modeled transects across all

major faults east and west of the SJF, with a total slip budget of ~47 mm/yr, ~7 mm/yr less than
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the ~54 mm/yr of slip between the North American and Pacific Rlpegets and Dixon,

1999) While permanent, off fault deformation may be a contributing factor in the total slip

deficit, our results suggest that smaller, nascent faults within the SBM must be accounted for in
order to solver for the remaining 7 mm/yr of slip. While the majority of authors assume there is a
slip-rate discrepancy, some studies suggest that a more complete picture otcgéplogi

determined slip rates is necessary for an accurate conc(Mgaimore et al., 2017)

3.5.2 Kinematic model for westward migration of ECSZ

Our observatins of Quaternary faulting within the predominantly transpressional system
of the SBM provide an example of how-fald strain from the oblique convergence of the
PacificNorth American plates is partitioned along small stskp faults within the hariggwall
block of the SBM. This suggests that a possible mechanism for slip transfer from the SAF to the
ECSZ is by accommodating dextral shear along these nascenistipikaults. The advection of
crust into the restraining bend causes compression #iergides of the uplifting zone, namely
the SGP and North Frontal thrust system, while the SAF continues to translate crust towards the
southeast into the ECSZ. This mechanism of a migrating restraining bend progressively
abandoning older deformed crusdaincreasing complex fault interaction along zones of
transpressiofWakabayashi, 200Has been observed along several transpressional systems,
including the San Gabriel Mountai(Buscher and Spotila, 2007; Meisling and Weldon, 1989)
the Alaska Rang@emis et al., 2015; Benowitz et al., 2011; Burkett et al., 2046 Santa
Cruz MountaingAnderson, 1990; Schwartz et al., 199Dhus, the progressive migratiohthe
SBM restraining bend towards the southeast inevitably causes the hangingwall block to become

influenced by the ECSZ.
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We present a conceptual Aimeat slicer o mode

the ECSZ, based on previous researcltferQuaternary activity along the NF{Spotila and
Anderson, 2004and the results from this study (Fig. 1Spotila and Anderson (2004)

suggested a disparity in Quaternary activity along the NFTS, whereby the eastern portion of the
NFTS (i.e. east of the Helendale fault) agueel to be inactive and the western portion showed
evidence for deformation within Quaternary gravel deposits. These results provide an
explanation for how these -@xtive intersecting faults create a qustsible quadruple junction

with different stressagimes acting on the same volume of crust. Our results in Lone Valley
support this hypothesis, whereby the eastern NFTS is inactive due to the translation of the SBM
into the ECSZ. As the SBM are translated towards the southeast along the SAF, the ECSZ
progressively causes shearing within the hangingwall block of the SBM. Nascentstiprike

faults begin to form within the SBM as dextral shear becomes the dominant mechanism for
deformation, especially along the eastern edge of the SBM where there is eVatenc

Quaternary deformation along the Lone Valley and Pipes Canyon faults (Fig. 13). Similarly,
there is a northward migration of faulting along the SAF from SGP into the SBM. Here,
researchers suggest the inactivity of two main strands of the SAF, nwadlyssion Creek and

Mill Creek faults, and show a progression of inactivity through time from south to (ecgth

Kendrick et al., 2015)The reorganization of fault geometry to produce a{eask means fault
geometry has been suggested through modeling transpressional systems in wet kaolin, citing the
Mission/Mill Creek faults as a natural system for this pro¢egs Cooke et al., 2013hile

this model supports our hypothesis, we suggest that the SBM restraining bend is evolving from
the south through a northward progression of nascent faults, and by the east due to the

progressive translation into the ECSZ.
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3.5.3 Implications for neotectonic studies on interacting fault systems

Another implication for the deformation observed within the SBM is the conjugate fault

sets observed within the hangingwall of the NFTS. The area has been observed to be seismically

active, most notably associated with the Bi

rupture sequence whereby the most likely fault which ruptured waatefal(Jones and

Hough, 1995)While our results provide evidence for dextral shear to be the dominant
mechanism for deformation due to the influence of the ECSZ and SAF, thetdedt focal
mechanism for the Big Bear earthquake suggests complex stresses are coeval on longer
timescales. This quapure shear deformation has been observed in central Honshu, Japan,
where the hangingwall of the upper plate is accommodating deformwitihin a predominantly
compressive setting through small, conjugatedefi rightlateral strike slip fault§Yeats et al.,
1997) Large, norsubduction related earthquake rupture has occurred along these faults, most
notably the 1891 Mw = 7.5 Nobi earthqugkeells and Coppersmith, 1994)hile the

dominant mechanism for deformation in the region is compressive deformation, these smaller
faults play an activeote in the evolution of the upper plate.

The rupture characteristics of the Landers 1992 earthquake sequence should be
considered as a possible mechanism for rupture within the eastern SBM. During the Landers
earthquake sequence, the location of afterlehdoth north and south of the location of the
initial rupture is telling as to the stress changes on local fault stf@redset al., 1993)The
propagating rupture sequence after the main shock provided empirical evideniceotigtt

going rupture is possible along disconnected fault stré®idd et al., 1993; Wald and Heaton,

1994) Similarly, our results suggest a possible connection between the Helendale, Lone Valley,
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and Pipes Canyon fault, simulating the potential for a minimum adtrilge rupture distance of

~80 km. Adding in the potial for the rupture to cross the Pinto Mountain fault and connect to

the Eureka Peak fault zone increases a maximum possible magnitude to Mw>7. While this is
very much speculative, our fimeat goingeuptur&d& mode
sequence along the eastern edge of the SBM.

A final implication of our research involves the relative difficulty for estimating fault
kinematics within a predominantly erosive geomorphic environment. Generally, fault kinematic
studies involve field mappg along older, preserved depositional surfaces, similar to studies
within the Mojave Deselfe.g. Oskin et al., 2007; Oskin et al., 2Q08Bur research provides a
unique example of the challenges faced when trying to estimate fault offset using a classical
approach, including: 1) young, cohesionless sediments subject to redistributbangl
migration within the cohesionless sediments provide difficulty for using classical geomorphic
markers €.g.piercing pointsand offsetthannel terraces); 3) several modes of erosion, such as
gravitational sliding, landslides, and debris fans, eficing the geometry of fault scarps at
relatively highelevations. This could be the reason why so little neotectonic research has been
conducted within the SBM. While we do acknowledge theumigque solution along each of the
studied faults in this stugdyve wish to shed light on the unique geomorphic setting in which our
study was conducted, providing an example of neotectonic research within a dominantly erosive

setting.

3.6.0 CONCLUSIONS

Our results provide firsbrder evidence on incipient dextsttike-slip faulting within the

SBM, focusing on two locations of previously mapped stsilie faults which cut across
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Quaternary age geomorphic surfaces. In Lone Valley-tagblution UAV surveys reveal a

series of rigiaterally deflected streams afeéB-meterhigh topographic steps which cut

through soft, loose alluvial sediments. The tectonic geomorphic expression, however, is
somewhat ambiguous, and may reflect low rates of fault slip due to the preservation capacity
within the valley. Although theutbank in an ephemeral stream shows juxtaposition of coarse
gravel with fine sand and clay along strike of the proposed location of the Lone Valley fault, no
master fault was found at depth. Similarly, the Lake Peak fault displays a prominent topographi
step ~10 meters which cuts across Pleistocene glacial deposits, only speculative offsets of ~5
meters in alluvial fan deposits could be determined. We believe the lack of geomorphic
expression is the result of the higlosion capacity associated withbde from Mt. San

Gorgonio. While our focus on the aforementioned faults provide some evidence for dextral
faulting, several other locations faults within the SBM also display classic-stijikiaulting
expressior{Sylvester, 1988)Linear valleys, deflected streams, displaced ridges and alluvial fans
suggest not only is strikeip faulting prevalat within the SBM, but that a more complete log of
fault kinematics is necessary for understanding how slip is transferred from the SAF to the
ECSZ. We hypothesize that a more detailed kinematic history of dextral shear within the SBM
may provide the necsary information to account for the overall slip deficit from the SAF to the

ECSZ.
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3.90 TABLES

Table 1. Airborne lidar survey flight parameters and sensor settings

Flight Parameters

Equipment settings

Flight altitude 700 m
Flight speed 72 m/s
Swath width 800 m
Swath overlap 50%

Point density 4.47 pts/m?2

Horizontalr e s ol ut i on 0.127m

Vertical resol L <515cm

Wavelength
Beam divergence
Laser PRF

Scan frequency

Scan angle
Scan cutoff

Scan offset

1550, 1064, & 532 nm
0.5-1.0 mrad

75 kHz

25 Hz

+ 30°
+ 1°

00

Table 2. UAV modeling parameters and results

Number Point Ground DSM Root mean
Site Model of Number density resolution  resolution squared
area (m?) images of GCP's  (pts/m? (m/pixel) (m/pixel) (m)
Lone Valley site 804,000 3372 519 0.044 0.83
Lake Peak site 260,000 780 292 0.058 2.12
Gully cut-bank 39.4 223 N/A 1.17x10° 0.000463  0.000926 N/A
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Fig. 10. Relationship between the ECSZ and San Andreas fault zone. Inset: location of San Andreas fault and plate velocity vector
from (DeMets and Dixon, 1999ECSZi Eastern California shear zone; EElsinore fault; ETR Eastern Transverse Ranges;

NFTST North Frontal thrust system; SAFQ\VCoachella Valley segmé of San Andreas fault; SAFMMojave segment of San

Andreas fault; SB San Bernardino segment of San Andreas fault; S&@dn Gabriel Mountains; S@PSan Gorgonio Pass; SIF

San Jacinto fault.
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Fig. 11. Fault map for the SaBernardino Mountains and southern Eastern California shear zone. Faults are denoted in black and red.
Black faults are fronfSurvey, 2006)Red faults were originally mapped [ibblee, 1964a;b;1967a;d)lumbers next to red faults
correspond to fault groups used for Fig. 10a. Yellow lines represent surface rupturdtaudifg2 Landers earthqual&eh et al.,
1993)and the 1999 Hector Mine earthqugkimuksson et al., 2002kllipse represents the rough trend of the epicentral location of the
1992 Big Bear aftershock sequeridenes and Hough, 1998F i Banning fault; CA Calico fault; CleR Cleghorn fault; CRF

Camp Rock fault; DCF Deer Creek fault; EF Emerson fault; EPFZ Eureka Peak fatkone; GHFR Garnet Hills fault; HR

Helendale fault; JVF Johnson Valley fault; KF Kickapoo fault; LFi Lenwood fault; LLF Lavic Lake fault; LPR Lake Peak

fault; MCF1 Mission Creek fault; MCF& Mill Creek fault; MVFT Moronga Valley fault; NFT$ North Frontal thrust system;

OWSFi Old Woman Springs fault; POFPipes Creek fault; PMF Pinto Mountain fault; SAF San Andreas fault; SBIFSan
Bernardino fault; SGPT San Gorgonio Pass thrust zone; $Jan Jacinto fault; TRF Tunnel Ridge faa] WCFi Waterman

Canyon fault
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Lone Valley-NE
- survey location
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| DQuatemary alluvium
DQuatemary older fanglomerate
;o [:|Cretaoeous Quartz monazite
\ | []Cretaceous Quartz diorite
| DPenn. Furnace limestone
I:]Cambrian Saragossa quartzite
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Fig. 12. Fault location and bedrock geology map modified f(@ibblee, 1964a;b;1967a;k)r Lone Valley. Red outlines indicate
data extent of higiesolution topography surveys (bdittar and UAV). The Helendalkdar survey data can be found at
(www.opentopogrpahy.ojgFaults represented by black lines are f{@urvey, 2006) LVFNET Lone Valley fault northeast;
LVFSW Lone Valley fault southwest; OWSFOId Woman Springs fault; NFTSNorth Frontal thrust system
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Very young alluvial fan :
deposits (late Holocene)

m Very young alluvial valley
deposits (late Holocene)

Young alluvial valley deposits
(Holocene to late Pleistocene)
Young alluvial valley deposits
(late-middle Holocene)
Young alluvial valley deposits (early
Holocene and late Pleistocene)

+  gully cut bank location

\ interpreted fault location
(this study)

stream channel

Old alluvial valley deposits
(late-middle Pleistocene)

Pennsylvanian Bird Spring Fm
(undifferentiated)

0 100 200 400 0 100 200 400 Lake Peak fault
[ B orientation NW-SE
Meters Meters

Fig. 13. Lone Valley fault southwest site showing the surface mapping (fYither and Cossette, 2004nd the higkresoluton

hillshade (B) from our UAV survey. A) Bedrock and surficial geology previously mapped by Miller and Cossette (2004) indicates

Quaternary age faulting which cut across several young alluvial surfaces. B) UAV hillshade overlaimbtea dontour map

derived from the UAV DEM. Black lines represent interpreted faults based on lineaments found in the hillshade from tHisestudy.
star is the location of Fig. 5. Ephemeral stream channels were traced based on contours and show a series of deflsdf@d.channe
2). B1 and B2 are insets showing endpoints for topographic step locations (black arrows) and deflected stream chaestedsl (red d

lines).
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Photo Mosaic facing direction ~045°

Regional drainage ~130°
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Medium sand with gravel
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Coarse sand - ==
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Fig. 5. Photomosaic using Agisoft Photoscan from eébank within an ephemeral stream along the sowhside of Lone Valley

(see Fig. 4B for location). A clear discontinuity exists between coarse, poorly sorted gravel smedime sand and white clay (red
line). Upper right inset shows a potential colluvial wedge deposits forming right at the cettesti these two units. No true master
fault could be found at depth, and could potentially be lost in the finer grained, massive unit at the base of our €oaeatigt
panel). Black lines represent contacts between the sediment packages mappgeikettuwork. Dashed lines are gradational contacts
and solid lines are sharp contacts.
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~— DQuaternary alluvium

m‘ DGIacnal till (Pleistocene)
DQuaternary older terrace gravel

I:] Quaternary older fanglomerate
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Fig. 6. Bedrock geology map modified frqibblee, 1964bpverlaid on a 1/3ra second DEMderived hillshade. Locations for the
Lake Peak, Mill Creek, Mission Creek, and Pinto Mountain faults form a nexus of converginggbriieellts in Whitewater River
watershed. The red outline shows the extent of our NCALM survey in thBeSaardino Mountain and is publicly available at
(www.opentopography.o)gBlack lines represent the faults. The black transparent strip is the location of our strip map found in Fig.
7. The Lake Peak fault can be seen cutting across the three glacial deposits, namely the North Fork, Dry Lake, ana@Dollar Lak
glaciers.
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Fig. 7. Onemeter DEMderived hillshade (lighting direction 09Pmap of North Fork drainage (Whitewater River) showing the
locations of several fault scarps of the Lake Peak fault (red arrows). Four panels were cut, from NW-8EgF8z)8d), from this
hillshade and used as the basis for geomorphic mapping. The Dollar Lake, Dry Lake, and North Fork glaciers were originally
described bySharp et b, 1959) Radiometric ages (see Fig-8dor location) for each of these glaciers were produced using
cosmogenic nuclides, originally fro@wen et al., 2003)
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Fig. 8. Four panels {d) were clipped from thidar hillshade and used as a basis for geomorphic mapping. Mapping was based on
field evidence, surface elevation, and geomorphology of the surface (e.g. hummocky, ribbed, etc.). The Lake Peakdaarit trace
echelon and discontinuous. Yellow dots represeetage cosmogenic ages grouped together by location. Original ages were
produced byOwen et al., 2003Black lines represent interpreted fault lineaments from this study. Red outlines in A and B are the
glacial extent of the moraines mapped8iarp et al., 959) A) Geomorphic mapping of the Dry Lake and Dollar Lake glaciers
showing the fault lineaments crossing both the glacial deposits and the young alluvium. B) Surficial geology mappingrif the N
Fork glacier suggests multiple periods of depositibyooing colluvium since glacial retreat in the Pleistocene. C) and D) Mapping
were based solely on tidar and indicate discontinuous lineaments throughout the North Fork Drainage. The juxtaposition of young
alluvium in the active wash suggests Quatermativity of the Lake Peak fault.
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Fig. 9. Lake Peak UAV survey site. Two surveys were combined to using manual flight mode for generation of surface igodel alon
the fault scarp. A) UAV DEM (&m resolution) derived hillshade (lighting direction fr&W). Points were classified using Agisoft
Photoscan parameters 0.10 meters and 15 degrees. As a result, the model interpolated across the areas were vegetagdn was rem
and can | eave a fAlunar surfaceo. tibrislosthdaring peirst ddsgifitation.iscagwe hav e
endpoints are represented by black arrows. B}@eatr contour map showing interpretation from our frggolution topography.

Two 5-meter offsets are interpreted at the front of the fault scarp: 1) intedpas the apex of an alluvial fan is matched to the mouth

of the channel to the northwest, and 2) the dextral offset channel across the scarp based on topographic contouxsdamt&eld) e
profile of Lake Peak scarp (see B for location) showingitagnitude of both the total scarp height and the vertical separation. The
vertical separation assumes that the +veatical fault is located at the toe of the scarp. D). Field photo facing southeast showing the
magnitude of the fault scarp and the loge®rly defined nature of the deposits which are cut by the fault.
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Fig. 10. Distribution of orientation of faults within the SBM and the ECSZ (see Fig. 2 for
locations). A) Orientation of SBM faults inrkim increments. Faults were groupedéx on

length, and geographic location (i.e. latitude). Four groups of faults were used and are roughly
arrange from south (top) to north (bottom) and indicate that faults become more westerly
trending from south to north. The average trend of faultsar®M is N54W. B) Orientation of
southern ECSZ in-km increments. Similarly, these faults are arranged from south (top) to north
(bottom) and show a similar trend of increasing westiemnding faults towards the north. C)
Average trend vs. trend variatigstandard deviation) plot for SBM (squares) and ECSZ (circles)
faults. ECSZ faults show high variation for more northémiyding faults, while the SBM faults
show that more northwesteflgending faults have high variation. The average trend vs.

variation for all SBM faults is shown as the red square.
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Figure 11. Google Earth and Google Maps screen captures of various locations within the SBM showing evidenceslipr strike
faulting. The Pipes Canyon fault (two upper left) shoms, 1.8 km rightlateral offsets: one in the form of a deflected stream, and the
other as an offset alluvial fan. The upper right shows a linear valley along within the trend of the 1992 Big Bear aff@cshmici
locations and may represent the scefaxpression of this known fault. The bottom two show an offset ridge along the Deer Creek
fault. The fault kinematics of these locations are unknown and should be the focus of future neotectonic studies vidtlin the S
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