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ABSTRACT

Magnetostratigraphic studies offer unique insights into the orientation of
Eart hds anci e n proviteayapmottunity to tleteaminde a n d
chronology of depositional events, particularly when combined with other dating
methods. A successive ssiof basins trending south from Needles, California to
Cibola Arizona, records the evolution of the lower Colorado River through the
preservation of sediments within tBeuse FormationThe Bouse Formatiois
characterized bipasalmarl, tufa, alternatingsilts and mud and Colorado River
sandslt wasdeposited between ~5.24 and ~4.6Mya and represen@Gqbveado
River integrationdepositsMagnetic polarities are recorded in sedimehisng
depositionandarerevealed through th&tepwise, destructive process known as
alternating field (AF) demagnetization. The magrsttatigraphic record near the end
of thedeposition othe Bouse Formatioms poorly constrainettained and can be
improved through the identification of a transitibetween the normal polarity
Sidjufall (4.814.89ya) andNunivak(4.494.63Vlya) subchrons. This study is
anchored by dates acquired through tagimonology of*°Ar/3°Ar in detrital sanidine
grainsin the middle of the Sidjufall and Thvera subchr@anidine gain analysis
within Hart Mine Waslrevealed an age e#4.72Mya, correspondingo the age of the
Lawlor Tuff, within the Bouse formatiodditional tephiachronologyof theBouse
Formationrevealedan age of 5.24Ma for the Wolverine Creekuff, just below the

base of the Bouse Formation in the Lost Cabin Be@otonwood Valley.The



magnetidnclinatiors of thesamplesvereandioredby the absolute ash dates and
compared to the geomagnetic polarity times¢@leTS)to determine the timing of
deposition of the Bouse, and therefore the timing of arrival of the ColoradotRiver
Blythe Basin Surroundingthe Hart Mine Wash ash lie sections of both normal and
reversed polarity. Additional normal polarity intervals were gegat in sediments
surrounding Parker, AZ (Riversides) andther North near Lake Havasu City, within
Mohave Valley(See Figure). The study consists & uniquelocations 26

individual sites 40 sediment corgpecimen&nd76 orientedspecimensRock
magnetic tests includeysteresisfirst-order reversal curvd-ORQ diagramsand
Curietemperature analysis of thermomagneticves These testgieldedlow-quality
results due talow abundance of magnetic mineradthough the presence of stable
ancient magnetization in specimens has been established through AF
demagnetizatiorThe results of thismagnetostratigraphistudy will improve the
understanding ahetiming of deposition of th8ouseFormationanddate the arrival

of the Colorado River within Blythe Basin to ~46/Mya.
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INTRODUCTION

The methodologynd timing of integration of the lower Colorado River has
been a topic of debate sinttee Bouse Formatiomvasinitially described around 50
years aggHoward et al.2016 Kukla et al, 1976; Malmon et al, 2011) TheBouse
Formation within theColoradoRiver depositional systeim modelled as a lacustrine
and estuarinenvironment. Mosinodelsagree that the upper Colorado River corridor
took form by a series of #Afillsg ng and
separating the corridor into a series of isolated bgBinght et al, 2018 Crow et al.,
2019;House, Pearthree, and Perkji2008 O 6 C o n, 8049 Fearthree and House
2014 Roskowski et a).201Q Spencer and Jonathan Patch&897 Spencer et al.
2021) This was followed by a catastrophic breach of paleo divides, resulting in the
subsequent releaseme-ColoradoRiver integrationsediments downstream to the
next catchmenBouse sediments would have continued filling and spilling through
the basins North to South in the order of: Cottonwood Valley, Mohave Valley,
Chemehuevi Valley, Blythe Basin, and finally the FSteek Vallecitos Basin

located near the Salton Trough iali@ornia (SeeFigure 3).

The lower portiorof the corridor has been modelled as an estuarine environment,
where progressively more saline Colorado river water meets an eBaadner and
Dorsey, 2021; McDougalbnd Miranda Martinez2 0 1 4 ;  O,®DGrsen, anel | |
Humphreys 2017) This model is tied to sparse marine fossil assemblages
surrounding Blythe Basin and high carbonatatent as evidenced tiye Bouse

Marl.
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TheBouse Formatiois divided into three basic unjtsonsistingof initial
spillover units, a basal carbonate unit (Bouse Marl), associated clastic shoreline
deposits and a lacustrine/fluvial unit characterizedl®rnatingsands and muds
(Buising., 1990House, Pearthree, and Perkins., 20@&rthreand House., 2014
Spencer, Pearthree, and House., 2008 Bouse Marl, the mostidely preserved
deposit withinthe formation, commonly forms a crust like surface on bedrock
exposures, as well éisickeraccumulations of calcareous sandstonesafiacs The
majority of preservedouse sediments lie on upper piedmonts where they were

unaffected by major drainage systems running axially in the valley.

It is important to understand the timing of deposition ofBbase Formation
and associated deposits to further constrain the timing of integration of the lower
Colorado River, and the mechanisms which drove it towardSuleof California.
Recent work conducted by Schwin(2019 capturedageomagnetic polarityeversal
within the Lost Cabin beds, a welireservegre-Bouse deposit in the depocenter of
Cottonwood Valley found at 35865m as(Schwing., 2019see Fig. 13). The age of
this reversal correlates to the transition of the C3r to C3n.4n (Thvera) subchron,
yielding an age of 5.23\a for the preBouse Lost Cabin Bed§igure4) (Ogg.,
2012. Tephrachronologgonducted by Crowt al, (2021) constrains the timing of
integration further through the discovery aiacrete ash located within the Bouse
Marl at Hart Mine Washrevealing an age of ~£2Wya, suggesting thBouse
Formationwasdeposited after 4ZMya. Additional work by Wojcicki et al.,(2011)
places the Lawlor Tuffan ash layeinterbedded in the Bouse Marl,4483Mya,

coinciding with the age of the Hart Mine Wash .aSlhowet al, (2021) placeshe



Bullhead Alluvium, a deposit consistent witlthaough flowingColorado River, at
4.6Mya. The Lawlor Tuff was sampled near Palo Verde Valley, within Blythe Basin,
while the Bullhead Alluvium DS (detrital sanidine) was sampled in Cottonwood
Valley, above the Lost Cabin Bedshe most recent Hart Mine Wash ash was

sampled in the southernmost portion of Blythe Basin, near CiboldSAZ Figure).

To resolve the ambiguity surrounding the age of integraifdhe Colorado
River, this studyconducts a magnetostratigraphitalysisof three locations along the
LOCO (Lower Colorado River CorridarThe northernmost site is in Mohave Valley,
while the other thresitesarethroughoutBlythe Basin(See Figur®). Thefurthest
south ofthe sitess in Hart Mine Wash (HMWhear Cibola, AZtheprimaryfocus of
this study.The Bouse Marl within Hart Mine Wash lies above the ash in the Lost
Cabin Beds and below the ash in the Bullhead Alluvium, creatiranahoringop
and bottom age bound fthis study (5.23}.6Mya). Fine grainedflat lying marl in
HMW makes anexcellenttargetfor paleomagnetictady sincesingle domain
magnetic grainsapable of carrying ancient remanent magnetizatoasess than
one micron in sizeFlat lying bedsequire no bedding correcti@and aranore likely
to represent a primary magnetizatidhis study aims teapturethe geomagnetic
polarity reversal between tHe8-4.9Mya C3n.3n Sidufjall subchron ard49
4.63Mya C3n.2n Nunivak subchroithe recenthydated ~4.2Mya ash within the
Bouse Marlat Hart Mine Waslsets the reference point to the GPTS (Geomagnetic
Polarity Timescalefor this section If paleomagnetism reveals that the -2M¥a
Hart Mine Waskhash lies within a reverse polarity interyvat a transition from

normal to reverse polarity is located near the ashwifli<onstrain the age of



deposition of Bouse sediments until after Mg&a (See Figure 4)0Ogg., D12). Thus,

further constraining the arrival of the Colorado RiveBlythe Basinto 4.754.6Mya.

2 BACKGROUND

2.1GEOLOGY OF MOHAVE VALLEY AND BLYTHE BASIN

The Colorado River extensional corridor lies between the borders of
California, Arizona,and Mexico(SeeFiguresl1-2). The corridor trends North by
Northwest in the upper half, before changing courseNorgéheasbrientation around
Chemehuevi and Parker Valleyhe Colorado River extensional corridaas
experienced severatress regimes amisplaysnumerous fault types and behaviors
Low angle detachment fauléssociated witthe southeriBasin and Rangare the
most influential in accommodating Mid to Latéiocene crustal extension,
responsible for the creation of the corrigBennett et al., 201@uising et al., 1990
Dorsey et al., 201 Howard et al., 2007 This Middle to Late Miocene period is
responsible for most extension in the corridnd is the most tectonically active
period in the creation of the LOCOther potentiafactors inaccommodating
extension includenfluence from thd-arallonrNorth American arc system. Stresses
change from compressional wtensional following the steepening of the subduction
angle andasthenosphengpwelling associated with the impingement of Bagallor
Pacific spreading ridg@Buising., 1990Cross and Pilger., 1978; Dickinson and
Snyder., 1979oward et al., 2017Most of thesubsidence within the extensional
corridoroccurredn conjunction with early extensional sag associated with the
opening of theroto gulfof California(Howard et al 2015) Additional extension
was likely cut short upon a major stress regime change from pure extension to
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modern trangensionalforces, relatedo the opening of the modern Gulf of California
(Buising, 1990) Dextral shear influences from the San Andreas fault further
complicate the stress regime of ttwridor Bennett, 2016)and causéolding and
faulting in Southern, AZ, particularly in the Chocolate MourgdiBeard et a)

2016) The Chocolate, Newberry, and Black Mountains formitbe@rock unitdelow
theBouse Formatiomand providevaluable lower age constraints to Colorado River
integration.The Bouse Formain is lined by steply dipping normal faults on the
eastern andhortheastern sides of the corridor surrounding Cibola, AZ. Many of these
faults exhibit strike slip motion, exhiting changes in dip and offset between hanging
wall and footwall blocksActive fault subsidence alomprmalfaults could have also
played a role in creating a preferential path for the Colorado Rasey et al

2017)

TheBouse Formatioties conformably on top of the Osborne Wash Strata,
which consists of coarse terrigenous strata, deposited on modern topography. The
Osborne Wash fanglomerate interfingers with Bousd-ormationbasal carbonate
unit (Bouse Marl) and consists of closedyated suites of volcanic rock, souldeom
nearby volcanic provincethe Black and Newberry MountaifBuising, 1990)

Matrix supported rockbold abundant volcanic detritu¥he uppewunits of the
OsbornéVash consist of coarse conglomerates that commonly interfinger with Bouse

Marl near Cibola, AZ.

The Bouse basal carbonate unit (Be Marl) isshe most common and
widespread deposit within tiBouse Formationt consists of micritic carbonates,

calcareousandstones, occasional interbeds of conglomerateslemsall calcareous



sand lodies,and tufa(Pearthree and House., 201Bpuse basal carbonates are
commonly deposited on alluvial fan surfaces but &dsm drapes along bedrock
surfacesBouse carbonate deposits surrounding iineSCreek sectiomwithin

Mohave Valleyis commaly interbedded with local sands and gravels. This
correlationbetween sand, gravel, and carbonates records the interaction of lacustrine
and tributaryfan sedimentation when the lake was near its maximum water level
(Pearthree and House., 201%he nearby Paloverde mountains provide all input for
siliclasticfacies, introducing poorly sorted sand, silt, gravel, and volcakiadsin

the southernmost portion of Blythe Basiontain sparse assemblage®8afillariid
gastropodsothermicro-mollusksand barnacles. Additionassemblageiscluderoot

casts and burrows. Various deposits display flaser and wave ripple cross laminations,
andthin horizontal beddingAdditional features include sigmoidal cross bedding

architecture with 0.4 to 2.5m set thicknesses (Gardner and D&82¥).

TheuppermosBouse deposits are divided into the basin margin association
and basin fill association (Buisind.990) Basin magin units reflect steeper slape
displaying dips of 5 to 30degreedasin wardwhile basin fill units are gently
dippingbasin wardrom 0 to 10 degreesThese deposits are associated with
lacustrine and fluviolacustrine basin fiPearthree and House., 201f)e basin
margin association consists of an array of carbonate and terrigedastissas well
as a tufa, which commonly occurs as a rind on baseexposuresdeposited during
maximum basin fill of the Bouse lake systerfike basin fill associatiocorresponds
with deposits located near the basin cerftke basin fill association is doed into

informal membersthe bottommost of whicbonsists of bleach white bedded



carbonate limestone and coquina, with terrigenous input on the rangé0¥aatf

the total voluméBuising., 1990)The carbonate rock is commonly interbedded and
contains volcanic input as pebble to cobble sized fragméalsanic fragments
include angular biotite, epidote, and spdrasementocks.The upper member of the
basin fill is all terrigenous rocks, the lower port@iwhich isdominated byarious
colored siltstones and muds, commonly interbedded with skhasrangegrom

green to yellow with pink siltstone interbedded, and thinner white limestwaes
presentThetop sectionof the basin fillis dominatedentirely by siltstonesfine

grained marl, and fossiliferous hash, whichaternatingand commonly interbed

with one another.
2.2PREVIOUS GEOCHRONOLOGICAL STUDIES

Recent work conducted on the Lost Cabin Bedsch underlie th®&ouse
Formationin Cottonwood Valleyby Schwing, (2019 revealed a geomagnetic
polarity reversalithin the Thvera sullton. One &h layermwithin the LostCabin
bedscorrelatedo the 5.7Ma Wolverine Creek eruptian the Idaho Hese eruptive
center(Figure 4)(0gg.,2012) TheWolverineCreek tuff asiHayerwas analyzedor
ArfYAr® detrital sanidin@latingandrevealed an age 6£35Mya. This datasuggests
that integration occurred during or after the Thvera subchron (C3n.4r5 D256
(Schwing, 2019) This information effectively creates ttmver age boundary (older)
for this study, establishing a depositional age of the-paeise Lost Cabin beds in the

northernmost valley of the LOCO

ThelLawlor tuff provides an excellent datier basin fill associatiorrevealing
an age of 4.83Mawithin theBouse Formatioim Blythe Basin.This date produces
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theupperage boundary (younger) for the stu@ygure4) (Ogg, 2012) Detrital
sanidine grains found near the base of the Bullhead Alluvaw®aled an age of
4.62Mya, while grains found higher in the section yielded an age of 4/80Whis
data is consistent with other published data suggesting an age gfadi&Mhe onset
of theBullheadAlluvium deposition(Crow., 2021; Howarckt al, 2015) A recently
foundash analyzedithin Hart MineWash inBlythe basin yielded an MDA (Mean
depositional age) of 4.7-©.5Mya (See Figure 4jOgg., 2012)This age is
correlative with that of theawlor Tuff butis yet to be definedhemicallyas the
same ashayer. Theseonstraintdhelpplace the potential age of integration #or

throughflowing ColoradoRiver from ~4.74.62Mya.
2.3MAGNETO STRATIGRAPHY

Magnetic polarity stratigraphgan provideage information about specific
deposits by correlating them to the geomagnetic polarity timegplyke and
Channell., 1996]Figure4) (Ogg., 2012)Rock units are characterized based off the
directions of their magnetic minerals, either aligning to a modern fielunpal
polarity, or a field that is 180° apart from the moderreversepolarity. Consistent
spreadig rates of ocean basins provide a continuous record of magnetitaly
profiles, allowing for the creation of tligegomagnetic polarity timescale, or GPTS
(See Figure 4(0gg., 2012)The GPTS is particularly accurate in Late Jurassic
Quaternary timescaleAbsolute ages can be applied directly to@#TS or
correlated indirectly through the fossil rec§@pdyke and Channell., 1996)
Magnetic polarities captured within sediments can also be indirectly applied to the

GPTS, if context is availahbléke an absolute age date acquired from nearby tephra.



Currert constraints on the age and correlation of the early PlidBense
Formationwithin Blythe basin are suggested by a review of magnetostratigraphic
data by Howardet al., (2016). The reviewtilizescomparisons from the more
complete magnetostratigraphic record of the Fish CviadllecitosBasin of the Anza
Borrego area in the Western Salton Troufime earliest work conducted in Blythe
Basin corresponds to a pilot USGS study conducted by Daniel dhaionassess the
possibilityof a magnetostratigraphic study of BBeuseFormation Magnetic polarity
determinationsvere made by Malmoand Hillhouse using outcrop samples from the
Bouse between Bouse Wash and Quarry Mountain. These samples displayed normal
polarity, but to the Southwest withihe Palo Verdesite (Figure 1fisplay
dominantly reversed polaritfthese results suggest danity transition at an
elevation of 150m asl, from normal to reverse poldktgward et al., 2016)These
results require furthaesting butagree with measurementported by Kukla and
Updike, (1976).Kukla and Upike tested polarity on drill cores in Blythe Basin and
reported reversed and normal polarities within the Bouse formation and thgrayerl
Bullhead Aluvium. Deformation of Bousenits'postdeposition makgcorrelating
the deposits to the Fish Cre¥hllecitossection tentativddowever, Howard et al.,
(2016) suggests the Palo Verde reversed interval in the Bouse is stratigraphically
below the normal polarity section of Mesquite Mountdinis inference suggsts
there isat leasbbne normal interval sandwiched between two reversed intervals.
Thereforethe Bousd~ormation containat leasonepolarity bounday, and one full
subchrornwithin the Gilbert polarity chroifFigure4) (Ogg., 2012) Normal polarity

rocksinclude the 4.8Blya Lawlor Tephra sampled in California by SatWojcicki



et al., (2011)which corresponds to the normal polarity Sidufjall subchron (C3n.3n).
The interbedded portion of the Bousarmation (basin fill) includes reversed and
normal pdarity section ot the relationship between adjacent Lavigghra remains
uncertain. McDougall and MartingZ2014)suggest that fossil assemips within

the Bouse basal carbonate unit correspond to Miocene age, older than the Sidufjall.
Since no sbchron between 3.6 and B19a is shorterthan 100kyr, the currently
sampled portion of the Bouse must represent a periatlleastL00 kyr. This length

of time islongerthan the 3€40 kyr that Spencer et al., (20@013)suggestedvas
requiredfor the filling and spilling model of the Bouse Formation in Blythe Basin
The 30 kyr period for thelling and spilling model of Spencer et al., (2008; 2013) is
informed by two major factorghe necessary salinity level withpaleolake Blythe

to accommodate marine organisms and the lack of evaporite minerals within the

Basin

This studyexaminesampeslocakedthroughout Blythe Basin taugment
previous workconducted in the area andnfirm the presence of a geomagnetic
polarity reversal within thBouse FormationModern cryogenic paleomagnetic
equipment and analytical procedures can discern weaker magnetizations than
previous magnetometers, which would benefit the resolution of the potential reversals
in this areaMore specifically, this study aims ttetermine ithe basal carbonate unit
of the Bouse Formatiolres within the nomal polarity Sidufjallor Nunivak
subdrons by capturing a reversal event within this uiithe presence of a reversal
between the normal polariidufjall and Nunivaksubcronswithin theHart Mine

Wash section is suggested by the work of Crow., (2021) and is validated by the
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results of this studySamplingconducted surrounding Mesquite Mountain sufgpor
the notion of Malmon (2011)thatthe lower section dflesquite Mbuntain is
dominantly normal polarity, while it does not inform the hypothesis that a polarity
transition exists in the upper quarter of the mountiueto the extremely high
sedimentation rate #tiese locations (Andg€ohen, personal communication)
Additional sampling taken to the west of Mesquite Mountain near the Riversides
Mountairs, also supports the notion that this area of Blythe Baesan Parker, AZ,
lies in a normal polarity sectioA final sampling locatioraround Lake Havasu City,
AZ revealed a normal polarity sectiarich is near the post 5.24 Mya Lost Cabin
Beds, which supports the presence of a revargathe Thvera subchromas

proposed by Schwing(2019).

3 METHODS

3.1FIELD SAMPLING METHODS

Magnetostratigraphic field sampling was conducted in March of 2022,
throughoutBlythe Basin and Mohave Valleyncluding Hart Mine WashndThe
RiversidesThefocusof this studywas HartMine Washnear Cibola, Azalong a
small washoutevealinga~5-7m outcrop ofBousedeposit{Figures 57). Samping
wasperformed both laterally and vertically along the section withréical samping
interval of~6 cm betweesamples and horizontal sampling interval which varies
based oraccessibiliy to the outcropHorizontal sampling withiniges was conducted
in intervals of~3cm between sampleSample coring was dependent on the
competence of the usiin question, which resulted in teamplingof primarily
Bousemarl. Other competent units included a fo$siEhthatwas too coarsgrained
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for single domaimrmagnetic grainto be present_esscompetent silts and muds were
oriented in hand sample before being removed from theauivith ademagnetized
chisel and pickCores were acquired with a modifiectercooledchainsaw
equipped with @omeroydrill adaptor(Butler., 1992) Drilled cores were oriented in
the outcropusing a aluminum corerienting deviceCores are marked for aup
direction before being removed from outciaom oriented with an arrow pointing out
of the drill hole.Bedding orientations were taken watBruntontransitfield

compass.

Additional sampling siteat this locatiorwere further south from Hart Mine
Washbut parallelto thefirst outcrg. Samplingeffortswereconducted irthe
RiversideslocatedNorth of ParkerAZ (Figures 89), andMohave Valley, near Lake
Havasu CityAZ. The Riversides site consisted entirely of loosely bedded muds and
clayswhile Mohavevalley samples were collected from fine grained n#sltl.
samples fronthe Riversidesand subsequesampling inMohave Valley were

collected inhand sample, due to tirecompetencyf the beds in question.
3.2PALEOMAGNETISM
3.2.1SAMPLE PREPERATION

Samples collected through a drill were cut itvt@ or morespecimensf the
core length exceededd5cm.This was accomplisheda a small wet saw, which
utilizes a demagnetized saw blade to avoid alteration of magnetic f&amneples

were cutto lengths of2.5cmto maximize the number @pecimens usedr analysis
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andallow them to be placed within tleeyogenicmagnetometer sample handler

(Butler., 1992)

Samplesriented inblockswere prepared for analysis by cuttisggecimen
into 2.5cmcubes, before placing them in a clear, plagtim® demagnetized box for
magnetic aalysis Dry cutting wasperformed viéband saw with a demagnetized saw
blade to avoid inducing or altering tepecimen’snagnetic fabricThe rocks were
cut without water to preserve the integrity of #ieand mudstones$Specimes were
sanded in the later stages of preparation, if necessary, to fdnigplastic
specimerboxes Butler., 1992)If specimeswereespecially difficult to cuto size
small pieces o$hoprag wereused to pack the samples into the box, to avoid
reorienaition Specimenarethen markedvith anorth arrow, and an additional arrow

on the side to properly orient tindor analysis.
3.2.2DEMAGNETIZATION

All measuremerstof magnetic fabrics weracquired bya 2G enterprises
cryogenicmagnetometer with DC squids, which is housed insis@gnetically
shieldedroom to avoidmagnetidnterference an@revent housedpgcimenfrom
acquiringt h e Ensodetntmagsetic fieldirection The cryogenic magnetometer
utilizes anLeeman Geophysical, LL&utomated sample handler, whiobuses and
measures thgpecimenin three directions, %/, and z.The sample handleneasures

androtates thegecimenby 9C°, 18C, and 270 to achieve these measurements.

Demagnetization was accomplished using different methods. The first

few rounds of demagnetizati@onducted at the University of OklahomaNorman,
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Oklahoma, wer@erformedvia thermal demagnetization, using ASC Model TD48
Thermal DemagnetizehSC Scientifichigh temperatureven(ASC Scientific, inc.)
and glass sample tray to house a suitgpetimensSpecimes weremeasured
initially for an NRM (Natural Remnant Magnetization) before being baked
stepwise fashioto 600°C usinga specific demagnetization treatmdrgginning with
100°C (100-20C°C, in 10C°C step, 20240°C, 40°C step, 266600, 20°C steps)
Specimeswerebaked for 60 minutes during eastep after which thewould cool
to room temperature before being measured for that intésNalpecimens collected
via drill bit were analyzed via thermal demagnetizatinie to difficulties associated

with thermal measurement of block samples.

Additional demagnetization methods include AF (Alternating Field)
demagnetization, whiclike thermal, is a destructive proceasdmeasires the
decay of magnetic grain8ll AF demagetizationwasperformed at New Mexico
Highlands University in Las Vegas, NNThe orthogonal coil AF demagnetizer is in
line with an Applied Physics 758K cryogenic magnetometer, which then
automatically measusg¢he remainingpecimermagnetization after each step of the
AF treatmentAF demagnetizatiomwasconducted irR2 steps using a modified
demagnetization sequence more suitable for sedimentary ar{@hs§is T, 3mT
Increments, 3®0mT,5mT Increments)Demagnetization treatment was modified
this way to capture more incrementaasuremenias sedimentary rocks tend to

decay more rapidlyand due to the weak nature of the NRM in these samples

The graphic result of #seprocesssis a magnetic decay curve, which decays

towards the graph's origin, providing an inclination and declination of magnetic
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grains(Figures 1014). The format of these graphs are all orthogonal vector
projections (Zijderveld 1967)while all group statistics are visualizaedequalarea
projections Butler.,1992; Love Jeffrey, 2007; Fisher 1953)(Figures 1520). This
information allowspaleomagnetist® place thespecimen along magnetic polarity
pathacquiring arelativeage ordetermine anoreabsolute agby referencing ito a
specificgeomagnetic polaritgubchron associated with thiahe and polarity
interval. Dataproduced at New Mexico Highlands University wagdified using
Remasof{Chadima, M.Hrouda, F. 2006Remasoft 3.0 a useifriendly
paleomagnetic data browser and analyzer. Travaux Géophysiques, XX\1) 20
which producegprincipal component analysis (PCA)odule plots and Group
Statistics Additional software includes SUPER IAPQorsvik et al. 2016 which
wasutilized for all thermal demagnetization techniqyesformed at the University

of Oklahomato avoid inconsistencies in dgieocessindetween labs.

3.2.3ROCK MAGNETIZATION TESTS

Rock magnetization tests inclu@airietemperatur@cquisitionvia
thermomagnetic curvanalysisutilizing an AGICO KLY5kappa bridgevith a CS4
furnaceapparatusattachmentAgico, inc.) The CS4furnace attachment analyzes
responses imagnetic carrierassociated wittemperaturerariationfrom room
temperature to 70C. Measurements are performed under an argon gas environment
to prevent oxidation of materials within the specimen. Specimemardered and
weighed out t®.500 gramdefore being placed in a quartz tubderea
thermometer is inserted into thébeto measure temperature changes in the sample.

This process results in a temperature curve revealing the approKinorate
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temperaturdor the magnetic mineral within the speciméRigures 2126).
Temperature curves are then analyzed and corrected utilizing Cu¢agai8, inc.)
The correction remasthe influence of the quartz tube on the measant of
magneticemanenceusing a knowrstandardrzalue for the remanence of a quartz

tube.

ThelLakeshore Cryogeni®600 Series Vibrating Sample Magnetometer
(VSM) (Lakeshore Cryogenics, inajasused to provide both Hysteresis curves, and
first order reversal curvg=ORC) diagramgFigures 2735). In the case of this study,
ahysteresis curve is the result of an induced magnetic field in two directions upon a
magnetic material. It is first magnetized in the positlirection andorced bak to
zero by applying magnetidield in the opposite direction. The inability of magnetic
materials to trace back on the same cundefendentn themagnetic domain of the
material. The result is the Amemoryo of th
(Ewing., 1930. First order reversal curves (FORCSs) are a set of hysteresis curves,
which begin at an arbitrary saturation fiettl, Rock samples were partially powdered
into small chipsyeighingaround 0.250 grams, and placed in a gel capsule which is
attached to a sample rod. A motorized machine head lowers the sample rod into
position. The sampleibratesbetween two magnetic senspwhich reads the
response of the magnetic minerals when subjected to both increasing and decreasing
intensitiesof magnetic fieldsThe resul ting FORC6s are trans

diagram contour plots, which reveals a single, multi, or vortex domathdgample

3.2.4ROCK MAGNETISM DETERMINATION
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Curietemperatures of magnetic minerals can be determinedsimamgfield
thermomagnetic experiments. The experiment involves subjecting a rock sample to
increasing temperature, and a strong magnetic field. Tlyaetia saturatiorof the
sample (g is monitored through the heating curve of the experiment. Whek adfie
the sample decreases dramatically,Glueie temperaturef the magnetic mineral
within the sample is revealed. Curie fgnatue experiments cdoe performed
directly on strong magnetic samples, whergaaker samplesequire a concentration

of magnetic mineral@utler., 1992)

Specific magnetic minerals display unique relaxation tiwiesse rates vary
based on different temperatur@fie relaxation time of a magnetic mineral is the time
it takes to lose #inducedremanent magnetization. Relaxation times are a product of
the ratio of blocking energy to thermal energjg.designate a blocking temperature, a
critical relaxation time must be chosen. Ttli®sen relaxation time can then be used
to determine the tempdtaie at which a magnetic mineral changes dorhgia
Magnetite, for example, changeshaviorfrom superparamagnetic to a stable single
domain at 558C. The temperature at which this change occurs is known as the
blocking temperature. Acceptable rangeblotking temperatures for certain
magnetic minerals aid in the identification of magnetic carriers within samples

(Butler., 1992)

3.2.5ELONGATION/INCLINATION ANALYSIS

Magnetic grains found within rocks have a fixed orientation in the magnetic
field in which they were depositéBetrital Remnant MagnetizatipDRM) that
aligns with thdong axis ofthemagnetied particle As sediments are compacted
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during deposition, magnetic grain inclinations are artificially shalloaged

gravitational torques cause the long axis of the grain to become closer to horizontal
(Butler., 1992)In this sense, the magnetization process is in some part a post
depositional remanent magnetization (pbDRM)sedimentary rockshis canbe

correctel using arelongatiorinclination shallowing modulef paleomagnetism.org

and Mark Hounslows PMagTool softwgiMag Tools Version 4.2a by Mark
Hounslow 19972006, which corrects shallow characteristannantmagnetizatioa
(ChRM). This process iperformed via @omputingmethodwhich runs 5000
nonparametribootstrapgo fit the magnetic data in questionttee TKO3.GAD field
model(Tauxe, L, Banerjee, S.K., Butler, R.F. and van der Voo R, Essentials of
Paleomagnetism, 5th Web Edition, 20IB)e module calculates the elongation
parameter of the orientation matrix. If the elongation is lower than what is expected in
the field model, it isunflattenedusing a set ofinflattening parametershe program
computes a corrected sample inclination and% &&nfidence interval as to what the
range of inclinatioa could represeniThis operation is performed initially with only

the normal polarity samples in the data set, followed by the reversedypséanples.
Finally, the reverse polarity samples are flipped to their antipode and run with the
normal polarity samples, to ensure they fit the range of inclinations provided by the
original normal polarity test. If the samples fit within 886 confidence interval,

they are corrected amdady for analysis via the reversal test.

3.2.6REVERSAL TEST

The magnetic reversal test examines group statistics produced by

paleomagnetic data sets to determvieether the two datasets are truly antippdal
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180° apar{opposite polarityjrom one another. The test determines this relationship
by examininghe directional dataf a dataset. Directional datameasured with
respect to Earth's magnetic fieldiricludes an inclination, or trengle measuckon

the vertical planga declination, the angle measuoetthe lorizontal plae and
associatedd5 andk values.UB5 values reflect theonfidence intervah which the
mean direction has beestimatedLow (D5 values correspond kow levels of
confidenceK values represent within sigeatter of directionsand the precision in
which mean direction has been estimatdigh k values represent a low giee of

within site scatteand a high degree of precisiohdditional paleomagnetic statistics
include amaximum angular deviation or MAButler., 1992) Low MAD values are

associated with stable magnetic components.

The range of inclinations producedwlongation/inclination analysis is used
to perform a reversal test, which determines if a negative polarity section is a true
reversalThe reversal test uses two averagdinationvalues between normal and
reverse polarity sections addition to an associated declination, number of
specimenén the dataset usddll), an(B5 value and a K valu&he program uses this
informationto computevhetherthese valuewould be considered a true reversal
using Mar k Houns | owdRMadPTdAsFEr€o0 &.2apy Makr a m
Hounslow, 19972006. This test works by considering the critical angle between
mean pecimendirections.The program determines the most accurapeesentation
of the data set usingjither a Fisher, Kent, or Eigelistribution typge, which is selected
by the userA positivetesi s cl assi fied as O6Rad6°if the cr

ORb® i f the %QandlD,e 4G Rc éhgietdbwatteder 1Gand2and
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OR006 (indeterminate) °i fT heh es-§ammbgel leu HI€sd groe at

indicate a negative reversal test.
3.2.7FOLD TEST

The Fold Test, or bedding tilt test, analyzes whetlavamacteristic remanent
magnetization (ChRm) was acquired before or after a folding évntre 7) The
process involves performing a bedding correction on samples acquired on both sides
of the fold limb. If the data set becomes more tightly clusteralfimg the bedding
correction, the samples pass the fold test, which is indicative of a primary remanent
magnetization. Samples fail the fold test if data becomes more scattered following the

bedding correction and is indicative of a secondary magnetizéiutler., 1992).

4 RESULTS

4.1 STRATIGRAPHY

TheBouse Formatiomithin Mohave Valley, near Lake Havasu, AZ, displays
continuougsmarl at lower elevations and maakernatingayers of marl and mud near
the basin's margin&igure 36). The lowerelevation deposits contain thin layers of
Bouse marl, o scale o2-5cm These marls contain atdant recessive layers and
are capped by quaternary talus and alluviDeposits near the basin's margin are
found in large steeply sloping mounds of alluvium. Within the mounds are discrete
layers of Bouse marl, interbedded with theticcessionsef muds and clayShese
deposits aralternatingand display variations in thickness between the layeendp
downsection. Mud layers a2 3x thickerthan marls in the lower section. In the

upper most section, marls begin to domiraatd form individal beds up td0-12cm

20



thick. Mud occursexclusively in some layers, where others display thin layers of
marl, around 22cmthick, within adominantmud depositMarls here are more
competent than marls found further south near Cibola, AZ and commonly display
hematite staining near the boundary of marl and r8edimentary structures are

sparsedisplayingplanarbedding and mud cracks

The portion of thd8ouse Formatiotocated in the Riversidesd Mesquite
Mountain,near Parker, AZis dominated by various colorethystone'sind
mudgones which are commonly interbeddé8eeFigures8-9 and37-38). Mud
rangedn colorfrom green to yellow with pinklaystoneanterbeddedThese deposits
are commonly found dsosely compactedighly weatheredhounds, displaying
sections of more competent mudstonks/stone'surrounded bynterbeds of loosely
compacted mud. Clays and mumtsuras thin layerspn the scale of 5 to 15cm in
thickness. Layerareplanar with occasional wavgontactbetween clays anchud
Green mudstones occurtimnner successions than their ptiaystonecounterparts
and commonlyerminate withHoosely compacted layers of reddisiuds
Sedimentary structures are miningdikplaying mud crackandplanar beddingvhich

weathergeminiscent of badlands topography.

In Hart Mine Wash, near CibolaZ, the sectionbecomes dominated by
conglomerates, fingrainedmarl, fossiliferous hastand a thin ash lay€Figures5
and40-43). The entirety of the Hart Mine Wash section dips gently to the Wist.
layers are planalaterally discontinuouand display bleach white to light pink
staining Marl thinstoward the eastern side of the section, and eventually onlaps

fossil hash, whiclthen dominates the exposed stratigrapmyhe middle portion of
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the exposed outcrop marl begins to display sweeping layers, rather than thin, planar
beds.Moving west, the marl layer thickens on the scale-8kand is highly

irregular. Marl and ash layers ateckerat the top of the section, increasing from
~12cm to 20cnthick. Interbedded marl and ash aandwichedy more competent,
sandy marlswhichare t4cm thick. The marl and fossil hash both display several
recessive bedshich are used as stratigraphic markers throughout the sedtawhis
interruptedby athin gravel layeon the bottomwhich separates the marl from the
Golden Gravelthelowermost unit in the sectioisome of the finer gravel material
makes its way into th&oldenGravel and into the marlThe GoldenGravel consists
of subrounded bouldesized clasts, which display a golden color, and thin mud
layers(~2.5cm)in between clast€ontrary to marl, fossil hash layers increase in
thickness towards the west, and thin in the eastward direGwovards the middle of
the section, fossil hash increases in thickness, and terminates close to the western
portion of theoutcrop Fossil hash displays crobsdding angweepindineation'sin
the direction of dipWesternstratigraphyconsists of excavated mounds of hash on
the uppermodtnit as fosdihashinterrups thelateral continuity of sandy marl. Fossil
hash onhlie west sidélisplays large vugs and recessive erosion laggadimentary
structures are numerous and varied, including ripple cross lamination, shrinking
cracks (hud crack¥ soft sedimendeformation, load castndflamestructures.
Primary structures found withithe sectionncludesripple cross lamination, current
lineation's climbingripples, herringbone trough crdssddingandparallel
laminations Sedimentary structures are found exclusively in the marl Bagin fill

units of the upper and lower member are commonly fossiliferous, particularly
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abundant with barnacles attached to the exterior of the rock, as well as local land

plantfragments foraminifera,andostracod¢Buising 1990).

4.2QUALITY ANALYSIS (GRADING)

Individual sites, samples argpecimens acrosmth demagnetization methods
are assigned a letter grade which indic#ttesquality of the data producégigures5,
9-12). An A lettergrade corresponds tespecimerthat displays linear decay curve,
decaygoward the origindisplays minimapoint clustering, andhowsa clear
directionof remanenmagnetizatior{Figure11). Letter A grades correspond to green
polarity circles.The letter Bletter grade correspondsgpecimen whichlisplays
more clusteregoint behavior, but stiltisplaysa linear component, and dominant
remanent magnetizatiatirection, which decatowards the origirfFigure12). A B
letter gradealsocorresponds to a green polarity citddeC lettergrade corresponds
to specimens whicHisplay clustered data around, but not reaching, the qfdgpuire
13). C letter grades correlate with yellow/orange polarity cirdeB. grade
corresponds to a sample with no clear direction,aanghstableremanence, leading
to a scatter plot aiata pointgFigure14). D letter grades correspond witkd
polarity circles An F letter grade corresponds to data that was too poor to be
considered foanalysig(Figure10). Whenconsidering site ansample meandetter
grades are assigned based on the number of samples used in the determination, and
the proximity of these samples to one anothremost casedow quality data(C-D
ranking, MAD>15°)is removed from consideration when calculating mean directions

for eachsite and sample.

4. 3PALEOMAGNETISM
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4.31 THERMAL DEMAGNETIZATION

Thermal demagnetizationelded34/40 (N/No) specimensvhich produced
stablemagneticdecay curve¢Tablel). Thermal specimen data recorded inclade
declination, inclinationandMAD . Site means are then determined from specimen
lying within the same site. Site mean statistics include a mheelmation inclination,
U 9 @ndk value(Tables 13). Alsoincluded in the site means are the number of
samples casidered for analysis marked N/No, where N is the number of samples

considered, and No is the total number of samples taken.

Specimeranalyzed for thermal demagnetization consisted entirely of the Har
Mine Wash site due to poor drilling media locatethia Riversides and Mohave
Valley. Thermal demagnetization revealed a sedatodMW that is primarily normal
polarity, with low to midlevel inclination values, ranging frofi.5 to 33.9. A
suiteof samplesdirectly below and above the Hart Mine Ash interfgisdded
negativeinclination valuesranging from-24.7° to-64.4. Un flattenedoositive
inclinationsassociated witlthermal demagnetizati@pecimenst Hart Mine Wash
returned a site mean inclination@écl=120.2 Incl=41.3°, wher 24amt9 5 =1
k=3.85 Un flattenedhegativeinclinatiors associated with thermal specimens at Hart
Mine Wash returned a site mean inclinatidn34.5". Specimensurrounding théold
testat Hart MineWash returnedll positive inclinatiorvalues, ranging from5° to

73,

432 ALTERNATING FIELD DEMAGNETIZATION
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The dataset produced from alternating field demagnetization is the higher
volume and quality dataset between the two demagnetization methods ,utiiezed
same as previous sampfesm Cottonwood Valley (Schwing, 20LAF
demagnetization yielde@B/76 (N/No) specimens, consistirgntirely oforiented
handsamplegTable2). The AF dataset consists of all three locations analyzed in this
study, Hart Mine Washlhe Riversidesand Mohave Valley24 of thespecimens

belong to Hart Mine Wash, 36 to tRéversidesand 16 to Mohave Valley.

Hart MineWash returnedonsistently good data receiving an A letter grade
The site containa dominantly normal polarity interval, contrary to sparse reversed
polarity samples recorded in the thermal (Giable 12). Inclination values from Hart
Mine Wash range from 280 7, for an average of 497 Two lower quality sites
(HMW8 and HMW8+9)were removed from consideration when calculativey
meango improve overall accuracy and (figurel15). Hart Mine Wash AF
specimens returned a site mean directioDex|=4.7A | Il ncl = 49.7A, wher e

andk= 50.05.

The 1RS grougRiversideggroup 1l)revealed another normal polarity section,
with a mearninclinationof 38.8° and a B letter grad@igures 16 and37) (Table2).
The meardirectionand related statistigmprovedby removing 1RS4 from
consideration butverekept forthe sake oflata volumelndividual specimensvithin
1RS4 produced consistent and agreeable data, of which the highestsaraftes
arewithin 10° of each otherThe 4RSsites producedhorevariabledata, with both a
normal and reverse inclination section, although the normal sesttoseto

negative inclination (0.9 (Figure17-18 and 3§ (Table 2) Due to thisconflict, the
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4RSsites wereonsidered in twgarts, positivenclination sites, negative inclination

sites. The negative inclination sgeeturneda meardirection ofi 11.2 andis the

higher quality dataset between th. The presence of the normal polarity 4RS site

is entirely dependent on the selection of one higher inclination value, due to a lack of
data quality surrounding the selection. The normal polarity 4RShsite a site mean

direction ofDecl=18.3, Incl=252A, U95= N/ A and k= N/ A.

TheMohave Valleysection earned cumulative gradef B and produced an
average inclination 6.7, much higher than previously measured sect{bigires
19 and36) (Table2). The group statistiasnprovedby removing sites MV2 aniVV5
butwere kept fothe sake oflata volumelndividual sites within Mohave Valley
display similar inclinations, witlni 3° of one another, except MV5, which produced a
much lower inclination at 38 degreesThe site mean direction of MV samples was

Decl = 346.9A, Incl= kb226A, where U95= 12. 8
4.33FOLD TEST

A fold test was attempteatound a dewatering structure within Hart Mine
Wash to identify a primary magnetization within the Bouse marl. The fold test
returned insignificant results due to small limb angles respective to the fold axis. In
other words, data points were not sigrahdy scattered from one another and

became negligibly closer to one another upon performing the bedding correction.
4.4ROCK MAGNETISM

4.4.1 CURIE TEMPERATURE
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Curie Temperatur@nalysis acrosall groups producehconclusivedata and
displaylittle to noinflectionin the heating curyavhich you would expect in strongly
magnetized sampleslowever,the cooling curve does deviate from the heating gurve

confirming along with thermal and AF demagat magnetic minerals apegesent.

Curvesproduced fronthe HartMine Washspecimerdeviate from the heating
curve anywhere from 450 to 580 The magnetic strength of these samples ranges
between 17 and 20T[E-6] (kilo Teslg. The shape of these curves are negative
trending lines, with little curvature before, at, or after the susp&uedtemperature

(Figures23-24).

The 1RS and 4RSpecimes produced slightly stronger magticremanence
ranging from 17 to 22 KE-6]. The shapes of the 1RS curves are more regular,
negative trending linesvith cooling curve deviationsccurringanywhere from 300
to 450°C. 4RSspecimen producesimilar magpetic strength but displag curves that
are far more irregular, with multiple points of deviation between the heating and
cooling curvesSpecimens deviat a much higher temperature in these curves,

around 600C, and much earlier, around 2@and around 45C (Figures21-22).

Thespecimes analyzedrom Mohave Valley were decisively the highest
strengthremanencenaterials, resulting in thelearesteviations from the heating
curve out of all othespecimensCooling curves in Mohave Valley produce clear
deviationsurrounding 350 to 50C. Magnetic remaence for MV samples range
from 28 to 60 K{E-6]. Despite their high strength and clear resgsnn the cooling
curve, the samples were still not strong enough to obsersponse in the heating

curve, resulting in a linear negative trending [[Reyures25-26).
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4.4.2FORC ANALYSIS

The results of the FORC analysis for all samplesarkiguousThe
experiment returned unorthodoxy st er esi s curves,owand espec
considerable amountd noise. Thehysteresis curves were converted into FORC
contour plots, which revealed no clear domain signal from any of the samples tested
Two specimengrom the 4RSsitesreturned visible domain datmost consistent with

a multi domain behaviohut not clear enough &ccuratelyinterpret(Figures27-31).
4. 5MAGNETIC DECAY CHARACTERISTICS

Magnetic module plots were produced using Remasaddtairiespecimens
from eachlocationthat were subjected to Ademagnetizatiorilhese plots, in
conjunction with the character of magnetic decay curvesiesagalthe magnetic
charactesticsof thespecimen in questioMostspecimen subjected
demagnetization techniqudsplayed unstableemanencereflectedin theinstability
of data points collected during demagnetizafigure10). Linear, stable
components produce the masturate and trustworthy paleomagnetic daigure
11), while unstable, low coercivitypecimes producescatter plots and unclear

magnetic components.

The HartMine Washspecimes producednconsistenimagnetic
characteristicsThe HMW8-1 module plo{Figure44) is an example of a specimen
thatdisplays ahigh magnetic moment but decays very rapidly. HM\Vgroduced a
maximum moment of 476.@6 Amps pemeter @/m) and a minimum moment of

6.21e06 A/m. Fifty % of thespecimen'sriginal remanence had been depleted by 5.6
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mT and 10% of the remanence remained by 22.9 mT. $jpecimen wasompletely
depleted byhe time it reached 37.6 mT, labsnhalf of the mT of the entire
demagnetization process (90mT). HMW24{Figure45) is an example of an HMW
specimen that displays a lower magnetic moment, but its decay curve is much more
sustainedHMW14-2 showsa maximum moment of 257@ A/m and a minimum of
39.3e06 A/m. 50 % of thespecimen'snagnetizatiorwas depleted at 23.6 mT and the
10% marker was not reached during the entire demagnetization process. HMW14

retained 15.36 of its original remanence post 90mT

1RS and 4RSpecimes produced more robust magnetic moments, and higher
coercivity than specimengound in Hart Mine WashlLRS12 (Figure46) is an
example of a specimen that contaensuch higher magnetic moment than what is
found in HMW. Despite this increased strength, 1RStkecaysnore rapidly than
lower strength specimens within HMWWRSZ%2 produced a plot displaying a
maximum moment of 1.14@3 A/m, 3 orders of magnitude stroagthanspecimen
analyzedn HMW, and a minimum moment of 159@6 A/m. 50% of the magnetic
moment was gone by 19.4 mT, but #pecimemnretains 13.9% of its original
remanence post 90mARS21 (Figure47?) is an example of a high strength specimen
which decays slower than other high strength samples in the Riverside4Rg24.
produced a module plot with a maximum moment of 6B24/m, even stronger
than its 1RS counterpart, and Mn(50%)valueof 272mT. Thespecimernretained 10
% of its remanence at 66.3mt, and retains 24 df its remanence post 90mT,

making thisone of thehighe coercivity specimengdentifiedin the study
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Specimes analyzedrom Mohave Valley resembkgpecimes capturedn
Hart Mine Wash, although M¥pecimen contaihighermagnetionomentsMV1-2
(Figure48) provides an example of an MV specimen that is lower strength but
displays a sustained decay curvi/1-2 displays an Mmax of 197@6 A/mand a
minimum moment of 20.866 A/m. MV1-2 had lost 5@% of its magnetic moment by
24.4 mT and retains 10% of its moment post 90mMV5-2 is an example of the
most prolonged magtic decay curve captured throughout this stily5-2 (Figure
49) displayed a higher maximum moment at 588&A/m and a minimum moment
of 122.e06 A/m, displaying higher coercivity than its MV1 counterpart¥s6f
MV5-2's moment remained by 29.1 mT, yet $specimen retain0.9% of its

remanence post 90mT
4.6 ELONGATION/INCLINATION ANALYSIS

The elongation/inclination shallowing module of PMAGTOQOHEntified a
flattening factor 1.696or the HMW data setwhich indicates a highénclination
value than what is expected in the field model. The inclination stialjomodule
only performs corrections dower-thanexpectednclinationvalues;thus, no

inclination shallowing correction was performed on the HMW sample data set.

The elongation/inclination shallowing module could not identify any cross
over point between the riversides data and the field model, thus, no inclination

shallowing correction was performed on the 1R8RE data sets.

4.7REVERSAL TEST

4.7.1FISHER DISTRIBUTION
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Site means for normal and reversed polarity sectimm Hart Mine Wash
pass he reversal test cowiutalrishay distibatisnsandfthec at i on
McFadden and McElhinney (1990) methdtie directiondata used fonormal
polarity site meanwasDecl=356°, Incl= 72.24 where NS5, 955 102 andk= 4.6.
Data used for reversed polarggecimes wasDecl=228, Incl=-79.8, where N=18
B5=23.4andk=3.15 The c | &Reds iifsi casstsioooiseftecegammai t h an

of 30.59 and a critical gamma of 20.88
4.7.2EIGEN DISTRIBUTION

Site means for normal and reverse polarity sectiitisin Hart Mine Wash
pass the reversal test with a classificat:i
Common K McFaddenand Lowes (1981) methoBirection data used for the
normal polarity dataset waddecl=358, Incl= 63.5°, where N=5505= 10.2andk=
4.6.Direction data for theeversed polarity dataset wecl=198", Incl=-74.6,
where N=1805= 23.4andk=3.15The O Rc 06 dslassscamtedwittcaat i o n

observed gamma df3.97and a critical gamma of 22.55.
5 DISCUSSION/INTERPRETATIONS
5.1 STRATIGRAPHY

TheBouse Formatiomithin Mohave Valley displays moiternating
behavior tharwhat is observed iBlythe Basin.Deposits within Mohave Valley
consist of thirbeds (25cm thick)of Bouse marl elower elevations. Deposits near
the basin's margins display large steeply sloping mounds of alluvium antbmeids

that have been highly weather&buse marl is preserved in thinner successions,
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while mudstoneand claysoneappear 23x larger than the marThickness variations
throughout the outcrop suggesiriation in suspended load and bed load during the
fluvial component of the fluviolacustrine systelud occursexclusively in some
layers, where others display thin layers of imaround 12cmthick. The marlsound
here are morsand richthan in Blythe Basin, correspondingdieanges in bedload
type as the river moves souttack of carbonate input intdlohave Valley marl

suggests a less saline lacustrine environment than in Blythe B&gire 36).

The portionof the Bouse Formatioin the Riversides and Mesquite Mountain
preserves the thickest succession of stoideand clagtonefound anywhere elsai
Blythe Basin(Figures17-18). Mud rangesn colorfrom green to yellow with pink
claystone's interbedded, suggesting alternating lake Jgwrelducing periods of
oxidationand reduction. Mustoneand clagtoneoccur as thin, plandayers,
suggesting a low energy environment near the maximum level of lake fill in Blythe
Basin. Contacts between layers are occasionally wavy, suggesting changes in energy
associated with water level variatiand thanfluence of hefluvial component of the
fluviolacustrine systemGreen mudstones occur in thinheyersthan pink
claystone'ssuggestingelatively shorter periods of reduction compared to oxidation
Sedimentary structures are minimal, suggesting a low etarggtrine fill
environment. Lack of carbonate input within this portion of the Bouse corresponds to

a low salinity lacustrine syste(figures 8-9). Sedimentation rates in this area were

likelyrapid wi th the Bouse | i kened to a fAfirehou

basin (Cohen, personal communication).
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Deposits within Hart Mine Wash consist of primarily flat lying marl,
punctuated by thick successions of fossil hash on the uppermost drtien
outcrop. Marl is deposited directly on top of the golden gramdla thin
conglomerate interface. Flat lying successions of deposits suggest this represents the
basin center, near the maximum level of lake @Havel and conglomerate deposits
represent a temporary fluvial componeifutjowing the breach gpaleo divides
which returns to lacustrine style deposition upon the appearancetbirthelanar
Bouse marlThe abundance of marl suggests lacustrine style deposition for most of
the time represented. High carbonate input into Bouse marl and upper fossil hash
represents periods of arid climate which correspond to falling lake conditions in
Blythe Basin.Sparsedssil assemblages like barnacles correlate to an increasingly
saline lake systentreating a euryhaline environmegedimentary structures include
ripple cross lamination, current lineation's, climbing ripples and parallel laminations,
which are consistémwith a temporarily fluvial but primarilfow energylacustrine
style depositionAll sedimentary structures are found exclusively in the marl unit.
Lack of tidal and marine influence in sedimentary structures suggasthigportion
of the lower Colorado river corridor preserves lacustrine style deposition, rather than

an estuargnvironment in the southernmost ba@tigures 5-7 and 4643).

5.2 ROCK MAGNETISM

Rock magnetic tests performed in the study returned poor refudtso a low
abundance of magnetic minerals, which causes sontguity surrounding the
magnetic domain and mineralogyurietemperatur@analysisreturned a variety of

results buare most consistent with a magnetite and tharagnetite host. Magnetite
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has aCurie temperaturef 550° C while titanemagnetite has a lower Curie
temperaturedepending on thproportion of magnetite and ulvospineligher
proportions of ulvospinakesult in even loweCurie tempeature fa the sampleA

few specimenglike 1RSl, deviate from the heating curve as lag450°C, which
would indicate a higer proportion of ulvospineFor example, sample 1RS1 (Figure
21) deviates from the heating curve around 450°C. This temperature is consistent
with a titanemagnetitecarrier sincehe unblocking tempetare oftitano-magnetite is
less than that of magnetifEhe specimensnalyzed produced no response on the
heating cuwve of theCurietemperatureurve which is indicative of a low
concentration of magnetic minerakhis is confirmed by looking at the
corresponding NRM of the sample. For examplelW8 (Figure 24)isplays no
deviation in the heating cungirrounding 550°C and displays a maximum moment
of 476.e06 A/m. This specimen also decays very rapidly, losing 50% of its total
moment by 5.6mTDeviations in the cooling curve airicativeof a magnetic
mineral being destroyed by the heating processitlis certainly not ideal for

confidentlypredictingmagnetic mineralogy.

The quality of results returned froBurietemperatur@nalysis is related to
the volume of materiallowed foranalysis. Thekappa bridgehermal attachment
requires gpowdered specimenf 0.500g, whictworks for most igneous and
metamorphic rocksyhosemagnetic momentare muchhigher than that of sediments
(on the order of NRM = 1 x 102 A/mbut not for the lithologies analyzed in this
study, whose NRM/s are 476200x 10° A/m. Higher volumes of sediment would

likely produce more conclusive resul@ne way to potentially increase the quality of
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results would be to isolate specific magnegtiains anctreate a more concentrated
powder for analysis. This was attempted, but no individual grains could be retrieved
from the powder, which could mean thia¢ magnetic grains in the samples are
exceedingly small<1lum), and difficult to pull out opowderover the timescale and
sample amount attempted larger quantity of rock would need to be crushed and
extractedover multiple passés yield more meaningful rock magnetic datde
ambiguous results of rock magnetic experiments, vehidappointingdo not discount
the presencef remanentmagnetizations, which are clearly present in both AF and

thermal demagnetizatidifrigure 11).

Hysteresis curves and first order reversal tests (FORCS) produced low quality
data andvould bedifficult to interpret with any degree of accurabost specimens
analyzedor FORC analysis produceamtour plotghat werenoisyanddisplayed no
clear clster of data on thg or x axis Most hysteresis curves produced from the
Lake Shore Vibratinglagnetometer displayathusualkurveswith lengthyfiailso on
the end of the curves not commonly observed in strong magnetic céFrgarss 33
and 39. There is also a high degree of noise associated with some hysteresis curves,
which isaproduct of loose packing, or graiisassemblyduring the eperiment due
to the friable nature of the sedime(Esgure34). One hysteresis curve from the 4RS
group produced a wasp wasted hysteresis loop, which is commonly obiserved
magnetianaterialg(Figure32). Wasp wastethysteresis loops commonly occur when
combining two magnetic minerals of vastly different coercivities, or when combining
both single domain and superparamagnetic beha{daxs<e, Mullender, and Pick.,

1996) Two specimendrom the 4RS group produced ajherquality contoumplot,
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most consistent with a multi domain magnetic behalfraure28-29). It is most
likely that these samples contain a multidomain magnetic charatiteh are large,
norrremanence carrying magnegjrains.The poor results for these tests eelated

to the volume of material allowed for analysS6SM (Vibrating Sample
Magnetometeryamples are limited to 0.250g and are typically glued onto a gel
mount lowered into the sensan the case of lower density sediments, the chi@ris
too large tdit on the mount and meet the weight requiremantl instead were
chipped into even smalt pieces, and placed in a gel capsule for analsis.to the
friable nature of the samples, sampldsatedwithin the capsule itself, despite
efforts tomitigatethis via tight packing of gel capsules. This vibration produckot
of the noise idntified in hysteresisurvesand irregulaicurvesnot typicallyseen via
FORC(Figure34). Responses in cooling curves are indicative of a Tiaagnetite
and magnetite host, as inflections occur as early as 450°C and as late as 550°C
Hysteresis analysis also supports this interpretation, as wasp wasted hysteresis curves

are commonly observeglith multiple magnetic carriers of different coercivities.
5.3 DEMAGNETIZATION

Principal Component Analysis (PCA) was performed osdicimens
includedin this study, where a representative section of the demagnetization curve
was selected to determidkM direction.The median direction data from Hart Mine
Wash wadDeck4.7°, Incl=49.7, (5= 13.1 andk= 50.05for the AFspecimensand
Deck5.3, Incl 66.3, B8965anck=24 for thethermalspecimensThe thermal
group also contained several reversed polapgcimenswhose mean direction was

Decl=217, Incl=-41°, U 9 5 = k=89. The 1R Ssites returnea median
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direction ofDecl=351.8°, Incl=38.8°, U D63 andk=32.92 The 4RSsites
returneda median direction dbecl=18.2, Incl= 25.2°,U 9 S\#A andk= N/A for
the normal polarity section amkcl=176.3, Incl=-11.2°, UP9% andk=41.41
for the reversed sectiohe MV sitesreturned a mean direction becl=346.9°,

Incl=66.7, U95= K=5%228, and

The interpretation for all sites is a primary magnetiza#oprimary
magnetization is supported by the inability of the magnetic grains to acquire a new
magnetic field component. Reacquisitioracdecondary magnetization would require
heatingbeyondthe wnblocking temperaturd.€., burial processegr shock
magnetizations from nearby volcanism or a bolide impact event. There is no evidence
for heating post deposition, or of a collision evditte lack of an observable
secondary component in demagnetization also supports all magnetic grains are
detrital, sinceauthigenic minerals would have acquired a new magnetizatbmsely
packed mudandclays observed in the 1RS and 4RS sites revealed shallow negative
inclinations(Table2), which were left urflattened since they produced no crossover
with the GAD.TKO03 field model.This makes it difficult to evaluate the credibility of
1RS and 4RS data, as these sediments have teshifted and fallen more than any
semi competent rock laydue to the nature of the deposits, which are found in large,
steeplyslopingweatherednounds of loose muds awcthys.Curietemperature
andysisrevealed a magnetite and titamagnetite hosacross all siteswvhich
typically displays multidomain behavior amdblocking temperaturesn the range of
450-550°C The inability of Curietemperature analysis to produce a deviation in the

heating curve makes magnetic mineralogy slightly ambiguous, although a
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magnetite/titananagnetite ignostlikely. Demagnetization results also support the
interpretation that a magnetite host is likegsed on unblocking temperatures during
thermal demagnetization and near total removal of the NRM during AF
demagnetizationThis is supported by the rapid decay exgraredn all sites, but
particularly within Hart Mine Wastas HMWsamples commonly lose 50% of their
moment by the 10mT maikigures44-49). HMW samples retaitess than 15% of
their NRM by the 90mT mark, which supports the interpretation of a magnetite host,
since the coercivity of magnetite is 120nThermaldemagnetization also supports
the notion of a magnetite and titamagnetite hosthrough rapid decayxperienced

by the 108200°C markand the instability of data points following the 4550°C

mark For example,amplesl2-1 and 123 lose 60% of their NRM by 1005®ut

dondt | ose their tobs@Cand45@® | e magneti zati o

Despite low quality rock magnetism results, the samples analyzed via both
demagnetization methods display remanent magnetizations which are measurable,
and in some casegery stableDeclination valuesnay vary both within and between
sitesdue to the st&p inclinations of the samples, but inclination values within and
between sites are consistaemhich suggests a stable remanent magnetization for the
samplesFor example, B quality data from HMW1 produced inclinations of%43.3

46.7, 46.3, and 53.9.
54 MAGNETO STRATIGRAPHY

Sixty-five specimensvereused to determinpolarity within the Hart Mine
Wash section. 40 of these were processed via thermal demagnetization and the other
25 viadlternating field demagnetizatioAF demagetizationspecimes showa
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consistent northern hemisphere mean direction, and a normatypotanponent.
Thermal data from HMW displays/o uniqueresults, @Northern and Southern
hemisphere componenthich indicateboth positive and negativeclinations
(Figure20). Sitelocations in Hart Mine Wash welecated abovand belowthe
~4.79MyaHart Mine Washash which sets the younger age bamdor the study.
HMW1-HMW18 display a consistent positive inclination with a mean direction of
Decl=5.3, Incl=66.3, wher e UKr24n the thérmahderdagtization
andDecl=4.7°,Incl=49.7, wher e U%559.05ntheAF and
demagnetizatiofiTable t2). HMW1-18 starts ~1m below theéart Mine WashAsh

and HMW18 lies just beneath the same ash 1&y\W19-HMW?25 display

consistent negative inclination values, with a maiaaction ofDecl=217, Incl= -
41°wh er e Ul=3%anddie ekclusively on top of the ash layer in the section
(Table :2). The inclination shallowing module corrected low characteristic remnant
magnetizations to a mean inclination 6f# for the normablndreversed section.
However, the negative inclination site was identified as a poor representation of the
GAD field model by Mark Hounslows PMAGTOOLS program, complicating the
accuracy of negative inclinationsclinations between the noal and reverse groups
overlap in their 9846 confidence interval of potential inclinationshich indicates the
correction is statistically significanthe reversal test performed melination
correctedHMW specimes using a Fisher distributioreturneda negative restjlbut
uncorrected inclinat i .oheseversd s perforntecthona r an ki
inclination corrected and uncorrectd®\W specimens using an Eigen distribution,

pass the reversaltesti t h a r a n kerensg camdisterit egativé inclination
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section occurring just above thiart MineWash ashwhich réurns to positive
inclination values around HMW2&r 1.5 meters above the ash lay&his negative
inclination section isnterpreted as thécation of a transition betweehe 48Mya
Gilbert chronSidufjall and 4.63Vlya Nunivak subchrons, using the ~2 Mya ash as

a referenceo the GPTSFigure4) (Ogg., 2012

Thirty-six specimengall of which weredemagnetizedia AF
demagnetization were considered when determining polarity fdRitleeside's
location(1RS and 4RS sites). The 1RS sievealed a consistent normal polarity and
northern hemisphere compondémtoughout alspecimengTable 1)(Figures 1618).
Themean direction for the 1RS sitwas Decl= 33.8°, Incl=38.8A, U&ZFamx
k=32.92 The 4RSocation returnedhree sites which were shallow negative
inclinations, and plotted in the far southern hemisphere, and two sites which were
shallowpositive inclinations and plotted on the high northern hemispfiatde 1)
(Figurel6). No definite evidence exists to place this section within the geomagnetic
polarity timescale andould belong to either the Sidufjall Bilunivaksubchrons

within the Glbert chron(Figure4) (Ogg., 2012)

Sixteenspecimengall of which were produced via AF demagnetization were
considered when determining polarity for the Mohave Vdbegption(MV). The
Mohave Valleysitesproduced consistent high positive inclinationgjch is the most
agreeable data across sites from any ddoation(Table 1) MV specimendisplaysa

northernhemisphere component (Figuk®). The mean direction for MV sites was

Deck3469° Incl=66.7, wher e U95= 1Previdus veork donddcted 5 2 .

in this area from Schwing(2019 place theHigh wall ash site at ~5.39ya, which is
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validated by he presence of a reversal, capturing the transition from the C3r subchron
to C3n.4n (Thvera) subchron of the Gilbert chideing the presence of this reversal
as reference, the Mohave Valley site is interpreted to belong to thé F2dera

subchion of he Gilbert Chror{Figure4) (Ogg., 2012)

Themagneto stratigraphgcross all sites is bound by the presence of a
reversal near the ~5.8Btya High wall ashwithin the Lost Cabin Bedsnd a ~4.Mya
Hart Mine WashAsh. The results of this study accurately place the presence of a
reversal within the Hart Mine Wash section of the Bouse Formation between the
Sidufjall and Nunivak subchronghis study captured negative inclinatiqgresimen
directly below, and primarily above, thd.72Mya Hart MineWash ashwhich
supports the notion that this section lies in the reverse polarity transition from the

Sidufjall and Nunivak subchrons within tk&lbert chron(Figure4) (Ogg., 2012)

6 CONCLUSIONS

The magnetostratigraphic relationships discovéneaughout Mohavand
Blythe basins further support tmtion thatBouse depositiobegansometime after
5.24Mlya andceagd sometime around 4.68/a, which is the age of the Bullhead
alluvium, a deposit associated with a throughgoing Colorado fiver.ash layers
(5.35Vlya and~4.72Mya) were used to reference the polarity ob#specimens
within the geomagnetic polarity timescale. Bdtke Mohaveand Riversidesites
returned entirely normal polarity sectiofi|ble 1) The Mohave section is
interpreted to belong to the 5K¢a Thvera subchrorgeposited rapidly during this
normal polarity intervalThe Riversidesdata are more enigmatwites could lie

within the Sidufjallor Nunivaksubchronsbut more absolute age dates and sampling
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are needed to confirm thidart Mine Wash contains both a normal polarity section
below the ~4.Kya ash, and a reverse polarity section immediately sodiog the
ash, which continues for several meters up section in Bouse Marl. This section is
interpreted to represent the reversaiqotbetween the Sidufjall and Nunivak

subchrons of the Gilbert Chron

| suggest that future paleomagnetic sampling conducted around Blythe basin
focus on aigh-densitysampling interval surrounding the ~2.Mya ash in Hart
Mine Wash, to provide a robust data set capable of accurately predicting the presence
of a reversal whin the sectionl predict such an effort would capture the presence of
a reversal andffectively datehe age of sediments directly bel the ash at 4.Blya,
the age othe transitiorfrom Sidufjall to Nunivak subchrongadditional sampling
should be conducted2m up sectiorio explorethe possibility ofan additional
polarity transitionl predict this would reveal a transition into the normal polarity
Nunivak subclon of the Gilbert chrorfurther data analysis should be condddte
validatethese hypothesesdfurtherinform the magnetostratigrajghrecordof the

Bouse Formation
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Tables

Table 1
Sample Declinatio Inclinatio Alpha K
Name Demag Polarity n n MAD Rank 95(Site) (Site) N/No
1-1 TH N 261.4 52.6 6.7 B
1-2 TH N 117.8 70.8 9.7 B
1-3 TH N 105.9 77.9 9.7 B
1-4 TH N 96.8 84.7 9.4 B
1-5 TH N 108.7 74.4 9.6 C
2-la TH N 47 54.1 8.7 C
2-1b TH N 39.9 57.3 9.9 C
2-2 TH N 97.2 63.5 9.2 B
2-4 TH N 2.6 66.5 6.4 B
2-5 TH N 186.4 33.1 7.8 C
2-6 TH N 150.3 69.3 9.3 B
3-3 TH N 296.6 67.2 9.6 A
Site TH N 99.8 83.4 16.4 B 7 14
4-1 TH N 159.7 34.9 9.6 B
4-2 TH N 119.4 78.1 5.6 B
4-3 TH N 149.9 58.9 10 D
4-4 TH N 187.6 62.7 9.4 D
Site TH N 159.5 60.1 24.5 B 14.99 4/4
5-1 TH N 292.2 73.4 7.9 C
5-2 TH R 300.6 -50.5 7.3 B
5-3 TH R 65.5 -42.1 9.5 C
Site TH R 349.5 -32.8 180 D 0.95 3/3
6-1 TH R 188.5 -79.2 8.3 B
6-2 TH N 181.4 53.8 6 B
7-1 TH N 169.5 83.8 9.8 B
7-2 TH N 78.3 29.9 10 D
7-3 TH R 281.1 -23.8 9.8 C
Site TH N 187.6 60.2 180 D 1.01 5/5
8-2 TH N 216.4 67.5 9.9 B
8-3 TH N 181 59.7 9.3 C
9-2 TH R 345.4 -50.7 4.9 C
9-3 TH R 311.4 5.7 9.6 B
9-4 TH N 172.5 52.6 7.4 B
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Site TH N 238.8 64 84.3 C 159 5/5
101 TH N 243.3 47.7 8.3 A
11-1 TH N 280 49.6 8.3 D
11-2 TH N 313.4 26.9 13.3 C
11-3 TH R 56.4 -41.5 17.4 A
Site TH N 303.6 40.4 136.7 A 1.49 4/4
12-1 TH N 19 30.2 12.3 A
12-2 TH N 237.2 36.4 17.2 B
12-3 TH N 144 80.7 28.5 A
133 TH N 125.6 18 5.4 A
Site TH N 122.7 76.8 94.4 C 1.94 4/4
16-3 TH N 359.1 55.3 9.4 C
17-1 TH N 198.4 46.4 9.7 B
17-2 TH N 61.8 48.2 9.8 B
17-3 TH N 82.5 53.6 9.6 B
17-4 TH N 80.1 30.1 75 C
Site TH N 75.8 62.7 42.4 C 4.21 5/5
191 TH R 26.2 -40.5 8.7 B
193 TH R 40.5 -55 9.3 B
Site TH R 32.3 -48 38.7 C 43.83 2/2
22-2 TH R 39.8 -59.9 8.7 B
24-1 TH R 119.5 -40.6 9 B
Site TH R 89.3 -57.1 180 D 516 2/2
253 TH R 37.1 -55.3 5.4 A
255 TH R 28.9 -57.5 7.4 B
256 TH R 23.3 -50.8 4.8 A
257 TH R 35 -64.4 6.2 A
Site TH R 30.6 -57.1 7.6 B 148 4/4
26-1 TH N 306.3 27.6 6.8 A
26-2 TH N 314 21.7 9.8 B
Site TH N 310.2 24.7 20.1 C 156 2/2
Normal TH N 120.2 84.3 13.4 B 3.85 40
Reverse TH R 26.2 -63.3 14.2 B 532 24
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Table 2

Sample Alpha N/N
Name DemagPolarity Decl Incl MAD Rank 95(Site) K (Siteo
HMWO01 AF N 154 57.3 10.1 B

HMW02 AF N 149.1 9.1 27.7 D

HMWO03 AF N 4.9 29.4 13.3 B

HMWG04 AF N 344.8 20 18.5 D

Site AF N 359.3 36.2 36.1 C 36.1 12.71 3/4
HMWZ1-1 AF N 338.1 43.3 7.2 B

HMW1-2 AF N 0.6 46.7 7.6 B

HMW1-3 AF N 4.8 46.3 9.7 B

HMW1-4 AF N 2.3 53.9 7.4 B

Site AF N 356 48.1 11/6.9 A 11/6.9 71.04 4/4
HMW51 AF N 29.4 49.1 9.1 B

HMW52 AF N 335.1 68 8.6 B

HMW53 AF N 245.6 80 18.9 D

HMW54 AF N 15.1 45.9 12.7 C

Site AF N 12.3 56 28.9/22.3B 28.9/22.3  19.26 3/4
HMWS81 AF N 208.2 78.8 5 A

HMW82 AF N 299.7 57.8 35.5 D

HMW83 AF N 140.1 82.4 21.8 C

HMW84 AF N 157.9 66.1 32 D

Site AF N 181.5 82.1 24 C 24 110 2/4
HMW91 AF N 335 40.6 25.6 D

HMWS2 AF R 317 -17.2 7 B

HMW93 AF N 227 11.7 29.5 C

HMW94 AF N 24.8 45.5 13.1 B

Site AF N 345 16.8 N/A C N/A N/A  2/4
HMW14 AF N 5.9 53.5 5.7 A

HMW14 AF N 16.8 49 3.2 A

HMW14 AF N 30.1 68.9 11 B

HMW14 AF N N/A N/A N/A F

Site AF N 15.7 57.4 18.5 B 18.5 455 3/4
1RSI AF N 340 33.7 5.9 A

1RS2 AF N 358 32.9 4.1 A

1RS13 AF N 344 315 5.4 A

1RSS4 AF N 329 51.4 5.8 A

Site AF N 343.8 37.8 15/12 A 15/12 38.42 4/4
1RS2l AF N 323.3 51.8 7.4 A

55



1RSZ AF N 314.5 65.3 18.8 C
1RSZ3 AF N 354.5 30.5 10.9 B
1RS2A AF N 339.3 26.5 14 B
Site AF N 336.8 44.4 25.6 C 25.6 13.88 4/4
1RS3 AF N 355.9 51.7 6.3 B
1IRS2 AF N 352.5 51.8 9.2 A
1RS&8B AF N 350.8 34.3 8 A
1IRS#A AF N 12.1 43.6 7.6 A
Site AF N 357.8 45.7 12.4 A 12.4 55.97 4/4
1RS4 AF N 338.2 4.4 10.9 B
1RS4L AF N 41.2 0.3 12.1 C
1RS43 AF N 8.8 25.9 9 B
1IRS4 AF N 3.1 23.7 4.7 B
Site AF N 5.9 24.8 12.3 A 12.3 415 2/4
4RSS AF R 167.5 -0.3 1.8 A
4RS12 AF R 166.1 -8.3 3.4 A
4RS13  AF R 161 -6.9 4.7 A
4RSH  AF R N/A N/A N/A F
Site AF R 164.9 -5.2 8.3 A 8.3 220 3/4
4RSZL  AF R 186.1 -13.4 11 A
4RS2Z2 AF R 150.7 -2.3 9.2 A
4RSZB AF R 191.8 -14.5 3.8 B
4RS2A AF R 187.4 -14.7 9.4 B
Site AF R 188.4 -14.2 4.5 A 4.5 739 3/4
4RS3l AF R 356.4 -0.4 9.1 D
4RS2 AF R 11.7 2.7 9 B
4RSE3B AF N 12.8 4.8 43.5 D
4RSHA AF N 174.8 2.1 10.1 D
Site AF N 7 0.6 15.2 C 15.2 66.63 3/4
4RS41 AF R 181.9 -11.8 2.2 A
4RSL AF R 168.3 -13.2 1.8 A
4RS43 AF R 176.3 -19.6 4.1 A
4RS4 AF R 177.5 -10.3 5 A
Site AF R 176 -13.8 7.8 A 7.8 139 4/4
4RSElL  AF N/A  N/A N/A N/A F
4RS®2 AF R 17.7 -19.1 12.6 C
4RS83 AF N 35.1 50.5 6.3 B
4RSS AF R 168.5 -60.3 17.4 D
Site AF R 39.7 -22.1 0 D 0 1.19 3/4
MV1-1 AF N 350.3 715 6.4 B
MV1-2 AF N 312 70.3 5.8 B
MV1-3 AF N 1 65.8 4.9 B
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MV1-4  AF N 354.4 55 3.9 B
Site AF N 346.9 66.7 12.8 B 12.8 52.26 4/4
MV2-1 AF N 156 57.9 8.8 C
MV2-2  AF N 27.5 60.6 5 B
MV2-3 AF N 306.6 59.7 10.3 C
MV2-4  AF N 8.7 64.9 10.2 B
Site AF N 354.4 66.3 30.6 C 30.6 17.28 3/4
MV4-1  AF N 48.7 31.7 26 D
MV4-2  AF N 285.6 71.4 23 D
MV4-3  AF N 196 55.6 20.6 F
MV4-4  AF N 175.2 2.8 19.2 F
Site AF N 225.4 69.8 97 D 97 8.97 2/4
MV51 AF N 4.5 50.8 52 B
MV52 AF N 7.7 37.2 2.5 A
MV53 AF N 8.3 16.6 4.2 B
MV54  AF N 360 39.7 2 A
Site AF N 54 36.2 16.7 B 16.7 31.06 4/4
HMW  AF N 4.7 49.7 13.1 A 13.1 50.05 4/6
1RS AF N 351.8 38.8 16.3 B 16.3 32.92 4/4
4RS AF N 18.3 25.2 0 C 0 463 2/5
4RS AF R 176.3 -11.2 19.4 B 19.4 41.41 3/5
MV AF N 346.9 66.7 12.8 B 12.8 52.26 4/4
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Table 3

Sample Declinati Inclinatio Alpha

Name Demag Polarity on n MAD Rank 95(Site) K (Site) N/No
MM5-1 AF Normal 8.7 56.2 8.5 B

MM5-2 AF Normal 39.1 56.8 6.5 A

MM5-3 AF Normal 357.9 59.4 7.9 B

Site AF Normal 9.4 45.1 B 17.6 50.32  3/3
MM7-1 AF Normal 10.3 335 3.9 A

MM7-2 AF Normal 22 37.5 7 A

MM7-3 AF Normal 3055 19.8 3.5 A

Site AF Normal 351.6  35.2 A 24.1 109.77 2/3
MM9-2 AF Normal 301 62 8 B

Site AF Normal 301.4 62 8 B 0 0 1/1
MM12-1 AF Normal 12.6 42.1 7.1 A

MM12-2 AF Normal 12.5 53.2 7.1 B

Site AF Normal 12.6 a47.7 B 24.4 107.8 2/2
MM14-1 AF Normal 345 55 8.1 B

Site AF Normal 345.1 55 B 0 0 1/1
MM15-1 AF Normal 93.2 55.7 13 C

Site AF Normal 93.2 55.7 C 0 0 1/1
MM16-1 AF Normal 47.8 32.4 7.6 B

MM16-2 AF Reversed 214 -15.2 0.4 A

MM16-3 AF Normal 105 43 5.5 A

Site AF Normal 118.7 47 A 130.6 6.26 213
MM17-1 AF Normal 358.2 57.3 3.4 A

Site AF Normal 358.2 57.3 A 0 0 1/1
MM18-1 AF Normal 340 15.8 8.3 B

MM18-3 AF Normal 204 86 7.6 B

Site AF Normal 3375 54.2 B 180 2.3 2/3
MM19-1 AF Normal 243 48.9 5.9 A

MM19-2 AF Normal 24.9 46 5.2 A

Site AF Normal 318 73.3 A 180 2.19 2/2
MM20-1 AF Normal 346 65.5 3.4 A

MM20-2 AF Normal 60.1 61.2 3.4 A

Site AF Normal 26.5 68 A 74.7 13.4 2/2
MM24-1 AF Normal 355 334 8.4 B

MM24-2 AF Normal 14.8 48.6 8.3 B
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Site AF Normal 3.8 41.4 B 47.8 29.48 2/2
MM25-1 AF Normal 3489 62 6.4 A

MM25-2 AF Normal 37.9 63.1 8.1 B

MM25-3 AF Normal 286 69.2 9.5 C

Site AF Normal 350.6 71.1 B 33.2 14.86  3/3
MM27-1 AF Normal 354 42.9 2.5 A

MM27-2 AF Normal 24 -8 10.5 C

Site AF Normal 11.6 17.6 B 0 0 1/2
MM28-2 AF Normal 9.2 2.8 5.3 A

MM28-3 AF Normal 353 42.5 6.1 A

Site AF Normal 2.7 22.8 A 1103 7.5 2/2
MM AF Normal 5.8 56.4 B 11.3 6.83 28/30
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Figure 1)Regional map ofhe LowerColorado River Corridor (LOCO). Key
locationsof Bouse outcrops are labeledcluding Cottonwood, Mohave and Blythe
Basin where sampling associated with this study took plgdéeward et al., 2016)
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Figure2) Regional map oEOCO displaying each sampling location conducted in
this study. Additional important locatiotisat are discussed in this temtlude
Cibola, AZ and Needles, CModified from Pearthree and Hous®12.
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Figure 3. Graph of distance north of the
Chocolate Mountains versus maximum
elevation of all known Bouse exposures
and mimmum elevation (greatest depth)
of Bouse Formaton strata wlentified in
drill cutungs. South Whipple Mountains
data points (hellow) represent clastic
sediments that are not conswlered here
to be part of the Bouse Formation (see
text). Also shown are the modem level
of the Colorado River and a schematic
representation of bedrock beneath Bouse
sirata.

Figure3) Relativeelevationsof each basin in thieoco, which are separated Ipaleo

dams (lava or mass flowd}lack dots are relative locations Bdbuse Formation

depositsRelevantmountain ranges shown include the Chocolate Mounténosn

Spencer, Pearthree, and House 2008)
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~150M

Riversides: 1RS and 4RS ?2?2??

~4.,72 Mya Hart
Mine Wash Ash

~125M Hart Mine Wash (HMW) 4.8

4.9

~176M Mesquite Mountain (MM) 5'0
~210M Mohave Valley (MV)

5.24 Wolverine Tuff
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Lost Cabin Beds
(Schwing)

6.03

Figure4) Relative elevations of each site and inferred position on the GRS
Mine Wash ash and Wolverine Tuff ash proviadesoluteage boundaries for the
study. Lost Cabin Beds inform older age bound&ghwing 2018; GPTS from Ogg,

2012)
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Figure5) Hart Mine Wash llistrated, displaying several key units within Hart Mine

Wash including Bouse mafbssil hash, andhe golden graveSampling was
conducted within the Bouswearl and the fossil hash, although the Bouse marl unit

provided most ofhe usablepaleomagnetic data.
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Bites 19—

Figure6) Hart Mine WasHdrilling site location example. Each site consists-df 3

samples. Example: HMW1
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~ Hart Mi éEWa§..

Figure7) Hart Mine Wash-old Test illustratedPerformedn a flame structurm an
effort to establish evidence for a primary or secondary magnetizBiulirections

within this structure were not different enough to produce significant fold test results.
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Figure8) Riversides site location 1 (1RS) illustrat&kpresentative of claystone and

mudstondacustrine deposits described in stratigraphy.
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Figure9) Riversides site location 2 (4RS) illustrat@&®Epresentative of green and

pink/red mudstones and claystatepositedescribed in stratigraphy.
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Figure 10) HMW82 Zijderveldplot displayingF quality dataConsistent with a
multi domain magnetic behavior, and an unstable magnetic remaBnedgreen)
circles represent the declination (inclination).
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o Herizoral Wertical Unit= 33 2-06 Jim

Figure 11) HMW8L Zijderveld plot displaying aarmalpolarity sample A quality
data Representative of a single domain magnetic behavior and a stable
magnetizationRed (pinK circles represent the declination (inclinatiofe redand
pink (declination and inclination, respectivelircles represent the characteristic

remanent magnetization identified by the author.
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Figure 12) 4RS2 Zijderveld plot displaying aaversedolarity sample B quality

data Representative of a sample with multiple magnetic comporigines (geen)

circles represent the declination (inclination).
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- Hexizorial Werfical Unit= 254505 am

Figure 13) MV24 Zijderveld plot showing aermalpolarity sampleC quality data
Data points stack and cluster near the origin, representative of a relatively unstable
magnetic remanencBlue (green) circles represent the declination (inclinatidhp
redandpink (declination and inclination, resgeely) circles represent the

characteristic remanent magnetization identified by the author
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o Herizoral Wertical Unit= 12506 Jim

Figure 14) MV42 Zijderveld plot showing aermalpolarity sample D quality data
Data points cluster near the origin and do not provide a clear direBtian(green)
circles represent the declination (inclinatioffe red and pink (declination and
inclination, respectively) circles represent the characteristic remanent magnetization
identified by the author.
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Figure 15) HMWSite Direction (AF)displayed on an equal area projectiBach dot
represents a site’sean direction, which consists of73samplesThe pink dot
represents the mean of means and the associate error ellipse. Closed (open) circles

represent positive (negative) inclinatgo
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Figure 16) 1RSite Mears displayed on an equal area projectiBach dot represents
a site's mean direction, which consists -af 8amplesThe pink dot represents the
mean of means and the associate error ellipse. Closed (open)reipcksent positive

(negative) inclinations.
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Figure 17) 4RSite Mears (normal)displayed on an equal area pléach dot
represents a site's mean direction, which consists/agénplesThe pink dot
represents the mean of means and the associatestipse. Closed (open) circles
represent positive (negative) inclinations.
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Figure 18) 4RSite Mears (Reversedilisplayed on an equal area plBach dot
represents site's mean direction, which consists of 8amplesThe pink dot
represents thmean of means and the associate error ellipse. Closed (open) circles
represent positive (negative) inclinations.
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Figure 19) MVSite Means(Normal) displayed on an equal area pkdch dot
represents site's mean direction, which consists of 8amplesThe pink dot
represents the mean of means and the associate error ellipse. Closed (open) circles
represent positive (negative) inclinations.
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Figure 20) HMWSites.All Data Used for Reversal Tegiachsquareepresents an

individual sample, rather than a site me@osed (open) squares represent positive

(negative) inclinations. Although the data are scattered, this is likely due to the steep
inclinations displayingff wo b bl i ngo declinations.
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Figure21) Thermomagnetic curvéRS], displaying &Curie temperature of ~450°C
The y-axis represents the magnetic moment of the sampiéoiieslg the xaxis

represents the overall temperature of the sample in deQetsEss
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Figure 2) Thermomagnetic curvéRS2displaying a Curie temperature of ~600°C
The y-axis represents the magnetic moment of the sampiéoiieslg the xaxis

represents the overall temperature of the sample in deQetsss
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Figure ) Thermomagnetic curvidMW1 displaying a Curie temperature of 550°C
The y-axis represents the magnetic moment of the sampiéoiieslg the xaxis

represents the overall temperature of the sample in deQetsss
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Figure 21) Thermomagnetic curvidMW8 displaying a Curie temperature of ~550°C
The y-axis represents the magnetic moment of the sampiéoiieslg the xaxis

represents the overall temperature of the sample in deQetsss
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Figure 5) Curie Temperature data fédV1 displaying a Curie temperature of

~550°C The yaxis represents the magnetic moment of the samgitii esla the

x-axis represents the overall temperature of the sample in d€igksass
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Figure ) Curie Temperature data fédV4 displaying a Curie temperature of
~550°C The yaxis represents the magnetic moment of the samgitii esla the

x-axis represents the overall temperature of the sample in d€igksass

85



2000 o
(] - 40
T 20 g
c 2000} = 0 =
3 o
- 20 &
-4000 - 405 10°
6000 .
_I_I_I_I_l_l_
0 2500
B, (Oe)

Figure Z) FORC Contour plot fotRS1displaying a null resulB c = (Bg1 B a)/2
and Bu=(Bs + a)/B, where B= magnetic fiel®ubscripts A and B refer to X and

Y components of the magnetic field curve.
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Figure28) FORC Contour plot fodRS2displaying a multi domain magnetic domain.
Bc=(Bgi Ba)2and Bu=(Bs + a)/B, where B= magnetic field. Subscripts A

and B refer to X and Y components of the magnetic field curve.
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Figure29) FORC Contour Plot fofRS5displaying a multi domain magnetic domain.
Bc=(Bgi Ba)2andByu=(Bs + A)/B, where B= magnetic field. Subscripts A

and B refer to X and Y components of the magnetic field curve.
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Figure30) FORC Contour Plot foHMW1 displaying a null resulB c= (Bg1 B
aA)2and Bu=(Bs + A)/B, where B= magnetic field. Subscripts A and B refer to X
and Y components of the magnetic field curve.
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Figure31) FORC Contour Plot foMV1 displaying a null resulB c= (Bgi B A)/2
and Bu=(Bs + a)/B, where B= magnetic field. Subscripts A and B refer to X and

Y components of the magnetic field curve.
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Figure32) Hysteresis Curve for4RSd i s pl ayi ng a fwheggswasted?o
= electromagneticnoment inEMU (electromagnetic unitgnd thex-axis = magnetic
field in Oe Qersted’k
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Figure33) Hysteresis Curve for4RS2i s pl ayi ng a neaifheffwasp wa s
axis = electromagnetic moment in EMU (electromagnetic units) andaesx

magnetic field in Oe@ersted’k
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Figure34) Hysteresis Curve for 4RS8splaying a noisy and null resulihe yaxis =
electromagnetic moment in EMU (electromagnetic units) and-thésx= magnetic
field in Oe Qersted’k
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Figure35) Hysteresis Curve for MVilisplaying a null resulfThe yaxis =
electromagnetic moment in EMU (electromagnetic units) and-thésx= magnetic
field in Oe Qersted’k
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Figure 36) Stratigraphy and Polarity of samples associated with the Mohave Valley

1.8M

oML

Site (MV). Filled in circles represemiormal polarity sampleS§olid (openkircles
represenhormal (eversedlpolarity samplesT he col ors code with si
described in the texGreen = good, yellow = acceptable, red = poor.
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Figure 37) Stratigraphy and associated polarity of samples in the Riversides site

(1RS) Solid (openXkircles represent norméleversed)polarity samplesThe colors

code with site Agr adesnsEgad yellow s acceptdble,d i n t
red = poor.
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Figure 38) Stratigraphy and associated polarity of samples in the Riversides site
(4RS. Filled in circles represent normal polarity samplgslid (open)kircles
represenhormal teversedlpolarity samplesThe col or s code awi t h si
described in the texGreen = good, yellow = acceptable, red = poor.

97



Mesquite Mountain Stratigraphy
+ Polarity

Structure = =
planar bedding
(horizontal)

ripple marks

Lithology

S|Ity Mud Sandy Mud  Terrace Gravel

Mud Sand Gravel
Lithology >e €533 Structure Polarity Elevation
50M Shvirmcvc5EES -90-60-30 0 30 60 90
V@\(&, D§ 176.49
HEdiDly Masl
=
ripple marks
43.75M > .
planar bedding C<
(horizontal)
37.5M
== '}
ipple marks ¥
31.25M >
planar bedding
{horizontal) . 154.1
25M > Masl
= 5-
ipple marl el
18.75M o L
L4
»
12.5M
planar bedding
6.25M (horizontal) ©
131.66
oM Masl

Figure 39) Stratigraphy and associated polarity with Mesquite Mountain Samples

(MM). Filled in circlesrepresent normal polarity sampl&mlid (openkircles

represenhormal(reversedlpolarity samplesT h e

col

ors code

described in the texGreen = good, yellow = acceptable, red = poor.
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Figure 40) Stratigraphy ara$sociated polarity with HMW sampleSolid (open)
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Figure 41) Stratigraphic representation oféastern section of Hart Mine Wash
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Figure 42) Stratigraphic representation of the Middetion of Hart Mine Wash
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Figure 43) Stratigraphic representation of the Western most end of Hart Mine Wash
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Figure44) HMW8-1 Module Plodisplaying rapid decay within a sampléne y-axis
displays the maximum magnetic moment, and Hagig displays the step in AF
demagnetization, or Mili Tesla associated with that step.
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Figure45) HMW14-2 Module Plotdisplaying rapid decay within a samplée y
axis displays the maximum magnetic moment, and #eixdisplays the step in AF

demagnetization, or Mili Tesla associated with that step.
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Figure46) 1RS12 ModulePlotdisplaying more resistant decay curVbe y-axis
displays the maximum magnetic moment, and tagig displays the step in AF

demagnetization, or Mili Tesla associated with that step.
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Figure47) 4RS21 Module Plotdisplaying a more resistant decay curve, and a

reversed polarity component in the x, y, and z akke.y-axis displays the maximum

magnetic moment, and theaxis displays the step in AF demagnetization, or Mili
Tesla associated with that step.
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Figure48) MV1-2 Module Plotdisplaying more resistant decay and a reversed y
componentThe y-axis displays the maximum magnetic moment, and theix

displays the step in AF demagnetization, or Mili Tesla associated with that step.
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Figure49) MV5-2 Module Plotdisplaying more resistant decay curvle y-axis
displays the maximum magnetic moment, and Hagig displays the step in AF

demagnetization, or Mili Tesla associated with that step.
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Figure ®) Elongation vs inclination pldtop) and bootstrap simulation histogram
(bottom) Elongation plots the curve of the HMW data set and the field model data
set. The yaxis represents the expectsztentricity,and the xaxis represents the

expectednclination at that point.
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Thermomagnetic curve 1RSMsplaying a Curie temperature of ~420T@e y-axis

represents the magnetic moment of the samgéadnreslg the xaxis representthe

overall temperature of the sample in degrees Celsius.

110



LI L L B L L L L B L L L BB B |
0 100 200 300 400 500 600 700 T[°C]

Thermomagnetic curve 4RSlisplaying an ambiguous Curie temperature of ~650°C
The y-axis represents the magnetic moment of the sampiéiifeslg the xaxis
representghe overall temperature of the sample in degrees Celsius.
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Thermomagnetic curve 4RSiBsplaying an ambiguous Curie temperature of 600°C
The y-axis represents the magnetic moment of the sampiéiifeslg the xaxis
representghe overall temperature of the sample in degrees Celsius.
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Thermomagnetic curve 4RSlsplaying an ambiguous Curie temperature@0°C
The y-axis represents the magnetic moment of the sampiéoiieslg the xaxis

representshe overall temperature of the sample in degrees Celsius.
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Thermomagnetic curve HMW@isplaying a Curie temperature of 450°he y-axis
represents the magnetic moment of the saméarTeslg the xaxis representdhe
overall temperature of the sample in degrees Celsius.
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Thermomagnetic curve MV8isplaysa Curie temperature of ~550°The y-axis
represents the magnetic moment of the samtdanTesla the xaxis represents the
overall temperature of the salapn degrees Celsius.
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FORC contour plot 1RSdisplaying a null resulBc= (Bg 1 B 4)/2 and Bu = (B
B + a)/B, where B= magnetic field. Subscripts A and B refer to X and Y components

of the magnetic field curve.
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FORC contour plot 4RS@isplaying a null resulBc= (Bg 1 B 4)/2 and Bu = (B
B + a)/B, where B= magnetic field. Subscripts A and B refer to X and Y components

of the magnetic field curve.
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FORC contour plot Fold Teslisplaying a null resulBc= (Bg1 B A)/2 and By =
(Be + a)/B, where B= magnetic field. Subscripts A and B refer to X and Y
components of the magnetic field curve.
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FORC contour ploHMWS5 displaying a null resulBc = (Bg 1 B 4)/2 and Bu = (B
8+ a)/B, where B= magnetiteld. Subscripts A and B refer to X and Y components
of the magnetic field curve.
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FORC contour plot HMW@lisplaying a null resulBc = (Bg 1 B 4)/2 and Bu = (B
B + a)/B, where B= magnetic field. Subscripts A and B refer to X amorviponents

of the magnetic field curve.
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FORC contour plot MV4lisplaying a null resulBc=(Bg1 B 4)/2 and Bu = (B
B + a)/B, where B= magnetic field. Subscripts A and B refer to X and Y components

of the magnetic field curve.
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FORCcontour plot MV5displaying a null resultB c = (Bg i B A)/2 and By = (B
B + a)/B, where B= magnetic field. Subscripts A and B refer to X and Y components
of the magnetic field curve.
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Hysteresis Curve for MV8isplaysa noisy and unclear resulthe yaxis =
electromagnetic moment in EMU (electromagnetic units) and-thésx= magnetic
field in Oe Qersted’k
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