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Abstract

Paleomagnetism is a useful means to sthdydepositional and diagenetic
history of any formation. If ormation holds @eologicallystable ancient
magnetization, thenagnetization, and thus isigin, relates a specific event théte
rock has undergone. Accuratating of such events is difficult, particularly in the
absence of stratigraphic contrasd recreation of the history of a formation is crucial
in understanding its importance in the rock record. Paleomagng&irmation can be
used taassess the timing aeposition of a unit or the timing of a diagenetic event that
may have affected therfmation of interest.

This study consists @hreeindependent components thaes the timing of
magnetization acquisitiold characterize a specific event in the history of the formation
of interest. The first study addresses clastic dikgs@fiouslyunknown age rad origin
that are exposed the Pikes Peak Granite along nearly ii%of theFront Range in
Colorado. These dikes are spatially associated with-namth northwesstriking thrust
faults along the east margins of the range. Paleomagmestiaghetizationlata from the
dikes indicatehe presence of a congpl multicomponent magnetization. A
characteristic remanent magnetization (ChRM) edlserly declinationand moderate
to deepinclinations resides in hematiéad corresponds to a ldeecambrian to early
Cambrian pole position when compared to the apparent polar wander path of North
America. This early magnetization was probably acquired at or soon after emplacement
of the dikes and is therefore interpreted as a primary magnetizatsmutheast and
shallow magnetization, also residing in hematite, yields a grouping of poles of late

Paleozoic age. This magnetization is interpreted as a chemical remanent

Xii



remagnetization (CRM), possibly associated litid flow driven byAncestral Rocit
Mountainorogeny The second study investigates the origia @RM in zebra

dolomiteof the Devonian Guilmette Forman in Nevada. Zebra dolomite common

in Paleozoiacarbonate platform sequenagshe Basin and Rangend islinked to
migration ofwarmbasinal brines. The zebra dolomitethe Guilmette Formation hadd

a magnetization carried lmgagnetite that isiferred to bdate Triassic in age. The

timing of this magnetization may be associated with fluids driven eastward during the
Triassic Smaoma orogeny.The thirdstudyevaluates avidespread lat€aleozoic
magnetizatiorassociated with hematifermation in concert witkalbitization of
Precambrian crystalline rocks. This Periimiassic aged magnetization has been
reported at several locaés in Europe and in North America, and is assed with
hematite precipitatioby weatheringelated fluids. The paleoclimate at the end of the
late Paleozoic represented a stofgreenhouse conditions and probable enhanced
chemical weathering. Deteming the extent of this remagnetization can help

identify the paleotopographsurface, understand the Perfigassic paleoclimate, as
well as determine the widespread extent of this chemical weathering remagnetization

event.
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Chapter 1: Clastic dikes in the Pikes Peak Granite, Front Range,
Colorado

Abstract

Clastic dikes of unknown age and origin occur within the Pikes Peak Granite
(1.09 Ga) and arspatiallyassociated with thrust faults that define the predagitFront
Rangein Colorado. The diks parallemajor north and northwestrending thrust faults
which areinherited structural lineamendstingfrom the Precambrian. Dikes were
sampled for paleomagnetic analysis near the Ute Pass Fault in Colorado Springs and
Woodland Park, Colorado, anear the Pine Gulch Fault near Pine, Colorado. Thermal
demagnetization of paleomagnetic specimens reveals that the dikes have a complex
magnetization history, with multiplaged magnetizations held in hematitée
magnetizations are interpreted as chefniemanent magnetizations (CRMely
acquiredas a result of fluidelated alteratioduring episodic reactivation of faults from
the Neoproterozoic through the early Cenozoic. Theesanent magnetizatioase
defined:a characteristic remanent magmation ChRM I) that haseasterly
declinationsand moderatpositiveinclinationsand a reversed direction that has
weserly declinations and moderate negaiivelinations a component Ithathas
southeasterlgeclinationsand moderate uinclinations and a componentil that has
northwesterlydedinationsand moderatsteep dowmnclinations Somedikes have
streaked directions that represent multiple magnetic components that cannot be
resolved.The dikes contain detrital hematite grains as well asagdantrauthigenic
hematite ChRM | was acquired asdetrital remanent magnetizati(idRM) or asan
early CRMduring the NeoproterozaidComponentl is interpreted as a CRM thagas

acquired during the late Paleozoic, aatnponentll is also interpreteds a CRMhat
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wasacquired during the late Mesozoic and the Cenozoicontrast tasomeprevious

studies, the gleomagnetic analysiadicates the dikes are Neoproteszin age.

Introduction

Clastic dikes of unknown age and origin occur witthe Piles Peak Granite
along nearlyl75%m of the Front Range of Coloraddhese dikes are spatially
associated with norttand northwesstriking thrust faults along the eastern margins of
the rangetheyparallelthe predominately norttrending Ute Pass FaulearColorado
Springs andVoodland Park, Coloradand the northwedtending Pine Gulch Fault
near Pine, Colorad@-ig. 1) The dikesvary in size from a few centimeters across to
tens of meters wid@~ig. 2) Most dikes are nearerticalto subvertical n orientation.
The dikes are predominatedpmposed ofjuartzarenite with fine- to mediumgrained,
well-rounded gartz, with varying degrees afduration.Both the origin and agef the
dikesand the emplacement mechanisave beemebated since the grnal discussion
of the dikes appeared in the literature in the latécEtury (Cross, 1894; Crosby,
1897 Vitanage, 1954; Harms, 1965

Paleomagetism is a useful tool fatating sediments whose age cannot be
stratigraphically determinedror exampledastic dikes within Precambrian basement
rocks in Scotlandhat are used gsaleostress indicators (Beacom et al., 1988) been
dated using paleomagnetism (Dulin et al.,%)0BPaleomagnetic analysis was also
successfully used twonstrain the timingf poorly datedmpact craters along the 38

parallel in Missouri Dulin and Elmore, 2007Z&Imore and Dulin, 2007).



Figurel: Geologic map of Coloradthatshows Precambrian sedimentary and
metamorphic rocks (gray), Paleozoicug), Mesozoic (green), and Cenozoic (tan)
sedimentary rocks, and igneous intrusions of various ages (red). The two stars represent
the study areas where clastic dikes were sampled. Image modified from
Www.geosurvey.state.co.us.

This studyusespaleomagntc analysis of the dikes to determining timing of
emplacementvithin the Proterozoi®ikes Peak Granite. Paleomagnetic sampling and
subgquent demagnetization of the clastikes indicates the presence of a complex
multicomponent magnetizatiorsiding h hematitePaleomagnetic, rock magnetic, and
petrographic analysisill help constrain the origin of the dike#f.the magnetizations
present are primary magnetizations, then the ages determined will date dike formation.

If the magnetizations asecondsgy, they may date remagnetization events related to

fault movementand will provide a nevageconstraintor the dikesthe dikes can be no



younger than the age of the magnetization acquired during tectonic prodé¢sses
especially important in recstructing the tectonic history of thedft

Rangeand possibly dating the age of the thrust faults.

Figure 2: Sandsne dikesA) Dike BGD, near Buffalo Creek. Dike is obliquely cut;
dike is trending roughly perpendicular to tiead. B) Dike IT, in Manitou Springs. C)
Dike SSD3 near Pine. D) DekSSD4 near Pine. Pen is verti¢ébte the sharp contacts
between the dikes and the granite.



Geologic Backgroundand Previous Studes

The tectonic history ahe Front Range i@olorad is complexInteractions
between initial fault formation, reactivation during subsequent orogenic episodes, and
deposition and subsequent erosion related to each oraddrtg the complexity of
recreating the tectonic history of teidyarea.Major fault trendsthroughout Colorado
are thoughto originate along prexisting zones of weakness that were present in the
Precambrian (Tweto, 198D

During the Precambrian, three major igneous intrusion’s@, 14 Ga, and 10
Ga) formed the basement of IBado(Tweto, 198@). The Pikes Peak Granite is the
youngest of three major Precambrian igneous intrusemms$ was emplaced as a single
batholithat shallow depthéTweto, 198@; Hedge, 1986 The age of the granite 1s09
Ga(Scharer and AlEgre, 1982) determined by tPb dating of zirconsThe Pikes Peak
granite isan Atype granite with the potassic phase consisting of a biotiteblende
syenogranite (Smith et al., 1999). The granite is cegira@ed and regink in color
and weathers ta pinkorangegrus.

There is no record a@eologicactivity in Coloradofor nearly 400My following
the emplacement of the Pikes Peak Granite (Tweto,d9&8though sedimentation,
erosion, and fault movement likely occurred in this inter8akdmentary rocks othe
Uinta Mountain Group, which consistsddrk red interbedded sandstone and shale
were deposited in northwestern Colorado betweer7ADMa (Yonkee et al., 2014)
with provenance of these sedimentary rocks ftoenWyoming caton and possibly
from westwardflowing river systems that originated near South Dakota (Condie et al.,

2001)



Despite over a century of study, the origins, age,eamplacement mechanisms
of the Front Rangelastic dikeswithin the Pikes Peak Granitemain enigmatic. In the
original description of the clastic dikes in the literature, Cross (1894) describes a
colleague, Professor Stone, who has identified clastic dikes near the Turkey Creek
Mining District in El Paso County, Colorado. Professor Stone describes the dike as
follows:

ATo t he unas sadllediodedockepyesentd theiagpeasance of an
igneous rock, but under [ micr-gr@nedopi c] exar
sandstoneémade of-rgesayteéwmenh. an iron
The original designation of the clastikde s as fl ode rocko made a
hydrothermal and tectonic activity of the Colorado Mineral Bett thie age of the
clastic dikesThe association does not img@p age for the dikésmineralization
within the Colorado Mineral Belt spans fromeBambrian veisito Oligocenealteration
associated witkolcanics in the San Juémountains(Romberger, 1980).

Crosby (1897) related the sandstalilees to movement along the major Front
Range fault, the Ute Pass fault, and suggeste@angbrianPotsdamriow known as
Sawatch sand as the source for the clastic dike material. He postulated that the
unconsolidaté sandflowed into fissures created by fault displacemehich occurred
before lithification of the Cambrian Sawatdrhe close proximity of the kies to Front
Range faults has led nearly all investigators to make a connection between fault
movement and dike emplacement, but different episodes of faulting have been
suggestedor the timing of dikeformation, such as during the Laramide or Ancestral

Rockies orogenieHarms, 1965Yitanage, 1954). Vitanage (195#)\voredan injection



of di ke materi al from above into fissures.

creates void space in the Pikes Peak granite due to vertical uplift, with the sand then
flowing into voids due to overpressureoverlyingclastic sedimentsNearly all
researchers (Crosby, 1897; Harms, 1968st, 1984 and others) have concluded the
likely source of the sandstone dikes is the Cambrian Sawatch sandstone.

In the southern stly area near Woodland Park, Coloratleere are sandstone
dikes as well as large sand bodies that lack sedimentary stru&ididsway et al.
(2013) interprexdthe largesand bodies as being deposited in a narrow basin with large
amounts of accommodatigpace along the Ute Pass falritthis model, érmation of
theassociatedlikes occurred by liquefactiasf overlying sedimenduring tectonic
eventsor byoverpressure arnfdling of previous fractures that were ptace in the
Pikes Peak granit&iddoway et al. (2009and Freedman et al. (201@pored
alignment of magnetic grains that parallel the dike walls, implying an injettjmn
mechanism of emplacemehgt is in agreement with the modektrital zircan data
from dikes in and south of Woaid Park and Colorado SpringgveGrenville-aged
peaks that correlate tdeoproterozoic formations the western USsuch as the Uinta
Mountain Group and middle Big Cottonwood Formation, Perry Canyon and Kelly
Canyon Formations, and the Nankoweap FomnatSiddoway and Geséls, 2014). The
detrital zirconsignatures in the dikese not similato detrital zircon signaturesf
Paleozoic sedimentsvhich were thought biiarms (1965) to be the source of some
rock fragments within the dikes.

A petrographi@andpaleomagnetic studyf the dikesnear both Pine and the Ute

Pass FaulZone near Colorado Springss the subject of an unpublesidi ma st er 6 s



thesis (Kost, 1984). Kost (198#)und poorly defined magnetizatismterpreted to be
earlyand latePaleozoiclate MesozoicCenozoi¢ andrecent in agePetrographic
analysis concluded the dikes were likely sourced from the Sawatch theepgesence

of quartz anextensive hematite authigenesis in both units.

Methods

Twenty-two sites (812 specimens perts) were sampled from tetikes along
Deckers Road (SH2b) between the towns of Pine dddffalo Creek, Colorado,
southwest of the Denver metropolitan afBaenty-nine sites from thirteen dikes were
sampledn theWoodland ParkManitou Springsand Coloado SpringsColorado,
area (Fig. 3. Samples were collecteding a gasolingpowered modified chainsaw
equipped with a Pomeroy coring devicesitu samples were orientadthe fieldusing
a Brunton compass and inclinometéor some dikes|abs of dke material were
oriented using a Brunton compass and transported to the Oklahoma Petroleum

Informaion Center where the slabs waamnpled using drill press.



105.3°W

Figure3: Sampling locations shown on state map to thletriThe enlarged boxes show
detailed geologic maps of the study arddee stars show approximate sampling
locations.A) The northern study area near the town of Pine. The faults are shown in
grey. The pink colofYp) is the Proterozoic Pikes Peak GranBg The southern study
area rar the town of Woodrad Park. Dark pink|( sdelineates large sandstone dike
Maps fromhttp://coloradogeologicalsurvey.orghd Temple et al. (2007).



In the laboratory lasampleswerecut into standard 2¢2n length specimesfor
paleomagnetic analysis using an ASC Scientific rock SHwenatural remanent
magnetizationsNNRMs) were measured with a thragis 2G Enterprises cryogenic
magnetometer with DC squids in a magnetically shielded r@aralve samples were
subjectedd alternating field (AF) demagnetization to determine the presence of low
coercivity minerals. Remainingpecimens were thermally demagnetized in a stepwise
fashion from 100700°C (20°C steps) in an ASC thermal demagnetizer. The
demagnetization dataas amlyzed to determine stable magnetic comptsesing the
SuperlAPD program(http://www.ngu.no/geophysics/soft32.htimhermal
demagnetization data were plotted as orthogonal projedtagnamgZijderveld, 1967
and analyzed using principal component analfsisschvink, 1980 to determine the
magnetic components within each sample. Mean angular deviations (MAB) of
less were deemed agtable, though most samples have a MAD angle of lesslttfan
Means were computed using FiskEd53 statistics, and theean direction was then
used to determine a pole position.

Nineteensamples were imparted with an isothermal remanent magnetization
(IRM) at room temperature using an ASC Scientific impulsgmetizer to determine
magnetic mineralogysamples were first subjectedA& demagnetization to remove
the remanent magnetizations. An IRM was then imparted in a stepwise fashion from 0O
to 2500mT. The samples were subjected to a second AF demagnetration
subsequently imparted with three perpendicular IRMs (120mT, 500mT, and 2500mT)
The samples were then thermally demagnetized in a stepwise fashion to ya&ldltri

decay curves (Lowrie, 1990J.umulative logGaussian (CLG) analysis was performed
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using IRMUNMIX2.2 software (Heslop et al., 2002) on the IRM acquisition data to
model the magnetic components within the dikes by comparing individual coercivity
contributions (Kruiver et al., 2001).

A total of 75thin sections were analyzéd determine dikeomposition and
magnetic mineralogyReflected lighimicroscopywas used tadentify opague minerals
Cathoaluminescence microscopy wpaformed onthin sections using a CiTL CCL
8200 MK4 stage mounted on an Olympus BX50 microsc&@manning electron
microscope (SEM) analysdf thin sections and rock sampkgoplemented the thin
section anlysis. The SEM analysis was completed using an environmental scanning
electron microscope (FEI Quar280) with energy dispersive capabilitisthe

University ofOklahoma Mewbourne College of Earth and Energii46.

Resultsand Interpretations
Paleomagnetic Data

Thermal demagnetization at low temperatures (22p@moves a northerly and
steep down component somespecimensKig. 4), which is interpreted ake Modern
viscous remanent magnetization (VRM). At higher temperatures, the characteristic
remanent magnetizations (ChRMs) ¢endivided into four differergroupingsThe
magnetization history of the sandstone dikes@the Front Range is complekhe
presence of multiple ages of magnetizations both in separate dikes and within the same

dike makes isolation of a characteristic remanent magnetization problematic.
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Figure4: Orthogonal projection diagram (Zijderveld, 1967) ofgpen BC45, a
clastic dike near Buffalo Creek, Coloradiiosed (open) circles represent the horizontal
(vertical) component of the magnetizatidie blue line shows the Modern VRM,
which is present in many of the dike speciméite ChRM is present abe\c00C.

AF demagnetization dfO specimensesulted in between 180% decay of the
NRM in most dike specimens. There was no straiglketdecay of the magnetization

observed on the orthogonal projection pléig(5); a component could not be isolated

from AF demagnetization.
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Figure5: Orthogonal projewon diagramshowing AF demagnetization of a
representative specimen from dike SSD10 near Pine, ColdCéaked (open) circles
represent the horizontal (vertical) component of the magtietizdess than 30% of
the NRM was removeldy 120m and no magnetic component could be resolved from
the AFtreatment
ChRM |

During thermal demagnetizationostspecimens with ChRM(dikes SSDA
[sites SSD1, SSD2, and SYP3SD3, MP2, SF and IT3able 1) show removal by
680°C of magnetization wittan easterly declination and modernagsitiveinclination
(Fig. 6). The magnetization in specimens fraite SSD3lecay with areasterly and
shallow up magnetic directigfTablel). The ChRM in specimensdm ste MP2
displays decay with a southwestedigclination and inclination ahoderate negative
inclination (Fig. 6D) and the reversed direction was used to calculate the mean for

ChRM I(Table 1) The magnetization in the specimens frdhsies decayo zero

intensity by 680700°C;ChRM | is interpreted as residing in hematite.
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