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Abstract 

Paleomagnetism is a useful means to study the depositional and diagenetic 

history of any formation. If a formation holds a geologically stable, ancient 

magnetization, the magnetization, and thus its origin, relates a specific event that the 

rock has undergone. Accurate dating of such events is difficult, particularly in the 

absence of stratigraphic controls, and re-creation of the history of a formation is crucial 

in understanding its importance in the rock record. Paleomagnetic information can be 

used to assess the timing of deposition of a unit or the timing of a diagenetic event that 

may have affected the formation of interest.  

This study consists of three independent components that uses the timing of 

magnetization acquisition to characterize a specific event in the history of the formation 

of interest. The first study addresses clastic dikes of previously unknown age and origin 

that are exposed in the Pikes Peak Granite along nearly 175km of the Front Range in 

Colorado. These dikes are spatially associated with north- and northwest-striking thrust 

faults along the east margins of the range. Paleomagnetic demagnetization data from the 

dikes indicate the presence of a complex, multicomponent magnetization. A 

characteristic remanent magnetization (ChRM) with easterly declinations and moderate 

to steep inclinations resides in hematite and corresponds to a late Precambrian 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 magnetization. A southeast and 

shallow magnetization, also residing in hematite, yields a grouping of poles of late 

Paleozoic age. This magnetization is interpreted as a chemical remanent 



xiii  

remagnetization (CRM), possibly associated with fluid flow driven by Ancestral Rocky 

Mountain orogeny. The second study investigates the origin of a CRM in zebra 

dolomite of the Devonian Guilmette Formation in Nevada. Zebra dolomite is common 

in Paleozoic carbonate platform sequences of the Basin and Range, and is linked to 

migration of warm basinal brines. The zebra dolomite of the Guilmette Formation holds 

a magnetization carried by magnetite that is inferred to be late Triassic in age. The 

timing of this magnetization may be associated with fluids driven eastward during the 

Triassic Sonoma orogeny.  The third study evaluates a widespread late Paleozoic 

magnetization associated with hematite formation in concert with albitization of 

Precambrian crystalline rocks. This Permo-Triassic aged magnetization has been 

reported at several localities in Europe and in North America, and is associated with 

hematite precipitation by weathering-related fluids. The paleoclimate at the end of the 

late Paleozoic represented a shift to greenhouse conditions and probable enhanced 

chemical weathering. Determining the extent of this remagnetization can help to 

identify the paleotopographic surface, understand the Permo-Triassic 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 are spatially associated with thrust faults that define the present-day Front 

Range in Colorado. The dikes parallel major north- and northwest-trending thrust faults 

which are inherited structural lineaments dating from the Precambrian. Dikes were 

sampled for paleomagnetic analysis near the Ute Pass Fault in Colorado Springs and 

Woodland Park, Colorado, and near the Pine Gulch Fault near Pine, Colorado. Thermal 

demagnetization of paleomagnetic specimens reveals that the dikes have a complex 

magnetization history, with multiple-aged magnetizations held in hematite.  The 

magnetizations are interpreted as chemical remanent magnetizations (CRM) likely 

acquired as a result of fluid-related alteration during episodic reactivation of faults from 

the Neoproterozoic through the early Cenozoic. Three remanent magnetizations are 

defined: a characteristic remanent magnetization (ChRM I) that has easterly 

declinations and moderate positive inclinations and a reversed direction that has 

westerly declinations and moderate negative inclinations, a component II that has 

southeasterly declinations and moderate up inclinations, and a component III that has 

northwesterly declinations and moderate-steep down inclinations. Some dikes have 

streaked directions that represent multiple magnetic components that cannot be 

resolved. The dikes contain detrital hematite grains as well as abundant authigenic 

hematite. ChRM I was acquired as a detrital remanent magnetization (DRM) or as an 

early CRM during the Neoproterozoic.  Component II is interpreted as a CRM that was 

acquired during the late Paleozoic, and component III is also interpreted as a CRM that 
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was acquired during the late Mesozoic and the Cenozoic. In contrast to some previous 

studies, the paleomagnetic analysis indicates the dikes are Neoproterozoic in age. 

 

Introduction  

Clastic dikes of unknown age and origin occur within the Pikes Peak Granite 

along nearly 175km of the Front Range of Colorado. These dikes are spatially 

associated with north- and northwest-striking thrust faults along the eastern margins of 

the range; they parallel the predominately north-trending Ute Pass Fault near Colorado 

Springs and Woodland Park, Colorado, and the northwest-trending Pine Gulch Fault 

near Pine, Colorado (Fig. 1). The dikes vary in size from a few centimeters across to 

tens of meters wide (Fig. 2). Most dikes are near-vertical to sub-vertical in orientation. 

The dikes are predominately composed of quartz arenite, with fine- to medium-grained, 

well-rounded quartz, with varying degrees of induration. Both the origin and age of the 

dikes and the emplacement mechanism have been debated since the original discussion 

of the dikes appeared in the literature in the late 19th century (Cross, 1894; Crosby, 

1897; Vitanage, 1954; Harms, 1965).  

 Paleomagnetism is a useful tool for dating sediments whose age cannot be 

stratigraphically determined. For example, clastic dikes within Precambrian basement 

rocks in Scotland that are used as paleostress indicators (Beacom et al., 1999) have been 

dated using paleomagnetism (Dulin et al., 2005). Paleomagnetic analysis was also 

successfully used to constrain the timing of poorly dated impact craters along the 38th 

parallel in Missouri (Dulin and Elmore, 2007; Elmore and Dulin, 2007).  
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Figure 1: Geologic map of Colorado that shows Precambrian sedimentary and 

metamorphic rocks (gray), Paleozoic (blue), 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 study uses paleomagnetic analysis of the dikes to determining timing of 

emplacement within the Proterozoic Pikes Peak Granite. Paleomagnetic sampling and 

subsequent demagnetization of the clastic dikes indicates the presence of a complex 

multicomponent magnetization residing in hematite. Paleomagnetic, rock magnetic, and 

petrographic analysis will help constrain the origin of the dikes.  If the magnetizations 

present are primary magnetizations, then the ages determined will date dike formation. 

If the magnetizations are secondary, they may date remagnetization events related to 

fault movements and will provide a new age constraint for the dikes; the dikes can be no 
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younger than the age of the magnetization acquired during tectonic processes. This is 

especially important in reconstructing the tectonic history of the Front  

Range and possibly dating the age of the thrust faults. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Sandstone dikes. A) Dike BC-D, near Buffalo Creek. Dike is obliquely cut; 

dike is trending roughly perpendicular to the road. B) Dike IT, in Manitou Springs. C) 

Dike SSD3 near Pine. D) Dike SSD4 near Pine. Pen is vertical. Note the sharp contacts 

between the dikes and the granite.  

A B 

C D 
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Geologic Background and Previous Studies  

 The tectonic history of the Front Range in Colorado is complex. Interactions 

between initial fault formation, reactivation during subsequent orogenic episodes, and 

deposition and subsequent erosion related to each orogeny add to the complexity of 

recreating the tectonic history of the study area. Major fault trends throughout Colorado 

are thought to originate along pre-existing zones of weakness that were present in the 

Precambrian (Tweto, 1980a).  

 During the Precambrian, three major igneous intrusions (1.7 Ga, 1.4 Ga, and 1.0 

Ga) formed the basement of Colorado (Tweto, 1980a). The Pikes Peak Granite is the 

youngest of three major Precambrian igneous intrusions, and was emplaced as a single 

batholith at shallow depths (Tweto, 1980a; Hedge, 1986). The age of the granite is 1.09 

Ga (Schärer and Allégre, 1982), determined by U-Pb dating of zircons. The Pikes Peak 

granite is an A-type granite with the potassic phase consisting of a biotite-hornblende 

syenogranite (Smith et al., 1999). The granite is coarse-grained and red-pink in color 

and weathers to a pink-orange grus.  

 There is no record of geologic activity in Colorado for nearly 400 My following 

the emplacement of the Pikes Peak Granite (Tweto, 1980b), although sedimentation, 

erosion, and fault movement likely occurred in this interval. Sedimentary rocks of the 

Uinta Mountain Group, which consists of dark red interbedded sandstone and shale, 

were deposited in northwestern Colorado between 770-740 Ma (Yonkee et al., 2014), 

with provenance of these sedimentary rocks from the Wyoming craton and possibly 

from westward-flowing river systems that originated near South Dakota (Condie et al., 

2001).  
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Despite over a century of study, the origins, age, and emplacement mechanisms 

of the Front Range clastic dikes within the Pikes Peak Granite remain 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: 

ñTo the unassisted eye this so-called lode rock presents the appearance of an 

igneous rock, but under [microscopic] examinationéit is plainly a fine-grained 

sandstoneémade of quartzéwith an iron-rusty cement.ò   

The original designation of the clastic dikes as ñlode rockò made a connection between 

hydrothermal and tectonic activity of the Colorado Mineral Belt and the age of the 

clastic dikes. The association does not imply an age for the dikesðmineralization 

within the Colorado Mineral Belt spans from Precambrian veins to Oligocene alteration 

associated with volcanics in the San Juan Mountains (Romberger, 1980). 

Crosby (1897) related the sandstone dikes to movement along the major Front 

Range fault, the Ute Pass fault, and suggested the Cambrian Potsdam (now known as 

Sawatch) sand as the source for the clastic dike material. He postulated that the 

unconsolidated sand flowed into fissures created by fault displacement which occurred 

before lithification of the Cambrian Sawatch. The close proximity of the dikes 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 

suggested for the timing of dike formation, such as during the Laramide or Ancestral 

Rockies orogenies (Harms, 1965; Vitanage, 1954). Vitanage (1954) favored an injection 
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of dike material from above into fissures.  Harmsô (1965) model of dike formation 

creates void space in the Pikes Peak granite due to vertical uplift, with the sand then 

flowing into voids due to overpressure in overlying clastic sediments.  Nearly all 

researchers (Crosby, 1897; Harms, 1965; Kost, 1984, and others) have concluded the 

likely source of the sandstone dikes is the Cambrian Sawatch sandstone.  

In the southern study area near Woodland Park, Colorado, there are sandstone 

dikes as well as large sand bodies that lack sedimentary structures. Siddoway et al. 

(2013) interpreted the large sand bodies as being deposited in a narrow basin with large 

amounts of accommodation space along the Ute Pass fault. In this model, formation of 

the associated dikes occurred by liquefaction of overlying sediment during tectonic 

events or by overpressure and filling of previous fractures that were in place in the 

Pikes Peak granite. Siddoway et al. (2009) and Freedman et al. (2013) reported 

alignment of magnetic grains that parallel the dike walls, implying an injection-type 

mechanism of emplacement that is in agreement with the model. Detrital zircon data 

from dikes in and south of Woodland Park and Colorado Springs have Grenville-aged 

peaks that correlate to Neoproterozoic formations in the western US, such as the Uinta 

Mountain Group and middle Big Cottonwood Formation, Perry Canyon and Kelly 

Canyon Formations, and the Nankoweap Formation (Siddoway and Gehrels, 2014). The 

detrital zircon signatures in the dikes are not similar to detrital zircon signatures of 

Paleozoic sediments, which were thought by Harms (1965) to be the source of some 

rock fragments within the dikes.  

A petrographic and paleomagnetic study of the dikes near both Pine and the Ute 

Pass Fault Zone near Colorado Springs was the subject of an unpublished masterôs 
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thesis (Kost, 1984). Kost (1984) found poorly defined magnetizations interpreted to be 

early and late Paleozoic, late Mesozoic, Cenozoic, and recent in age. Petrographic 

analysis concluded the dikes were likely sourced from the Sawatch due to the presence 

of quartz and extensive hematite authigenesis in both units.  

 

Methods 

 Twenty-two sites (8-12 specimens per site) were sampled from ten dikes along 

Deckers Road (SH 126) between the towns of Pine and Buffalo Creek, Colorado, 

southwest of the Denver metropolitan area. Twenty-nine sites from thirteen dikes were 

sampled in the Woodland Park, Manitou Springs, and Colorado Springs, Colorado, 

areas (Fig. 3). Samples were collected using a gasoline-powered modified chainsaw 

equipped with a Pomeroy coring device. In-situ samples were oriented in the field using 

a Brunton compass and inclinometer. For some dikes, slabs of dike material were 

oriented using a Brunton compass and transported to the Oklahoma Petroleum 

Information Center where the slabs were sampled using a drill press.  
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Figure 3: Sampling locations shown on state map to the right. The enlarged boxes show 

detailed geologic maps of the study areas. The stars show approximate sampling 

locations. A) The northern study area near the town of Pine. The faults are shown in 

grey. The pink color (Yp) is the Proterozoic Pikes Peak Granite. B) The southern study 

area near the town of Woodland Park. Dark pink (ɭs) delineates large sandstone dike. 

Maps from http://coloradogeologicalsurvey.org/ and Temple et al. (2007). 
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In the laboratory all samples were cut into standard 2.2cm length specimens for 

paleomagnetic analysis using an ASC Scientific rock saw.  The natural remanent 

magnetizations (NRMs) were measured with a three-axis 2G Enterprises cryogenic 

magnetometer with DC squids in a magnetically shielded room. Twelve samples were 

subjected to alternating field (AF) demagnetization to determine the presence of low 

coercivity minerals. Remaining specimens were thermally demagnetized in a stepwise 

fashion from 100-700°C (20°C steps) in an ASC thermal demagnetizer. The 

demagnetization data was analyzed to determine stable magnetic components using the 

Super-IAPD program (http://www.ngu.no/geophysics/soft32.htm). Thermal 

demagnetization data were plotted as orthogonal projection diagrams (Zijderveld, 1967) 

and analyzed using principal component analysis (Kirschvink, 1980) to determine the 

magnetic components within each sample. Mean angular deviations (MAD) of 16° or 

less were deemed acceptable, though most samples have a MAD angle of less than 11°. 

Means were computed using Fisher (1953) statistics, and the mean direction was then 

used to determine a pole position.  

Nineteen samples were imparted with an isothermal remanent magnetization 

(IRM) at room temperature using an ASC Scientific impulse magnetizer to determine 

magnetic mineralogy. Samples were first subjected to AF demagnetization to remove 

the remanent magnetizations. An IRM was then imparted in a stepwise fashion from 0 

to 2500mT. The samples were subjected to a second AF demagnetization and 

subsequently imparted with three perpendicular IRMs (120mT, 500mT, and 2500mT). 

The samples were then thermally demagnetized in a stepwise fashion to yield tri-axial 

decay curves (Lowrie, 1990). Cumulative log-Gaussian (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 75 thin sections were analyzed to determine dike composition and 

magnetic mineralogy. Reflected light microscopy was used to identify opaque minerals.  

Cathodoluminescence microscopy was performed on thin sections using a CiTL CCL 

8200 MK4 stage mounted on an Olympus BX50 microscope.  Scanning electron 

microscope (SEM) analysis of thin sections and rock samples supplemented the thin 

section analysis. The SEM analysis was completed using an environmental scanning 

electron microscope (FEI Quanta 200) with energy dispersive capabilities at the 

University of Oklahoma Mewbourne College of Earth and Energy IC3 lab.  

 

Results and Interpretations 

Paleomagnetic Data 

 Thermal demagnetization at low temperatures (<200°C) removes a northerly and 

steep down component in some specimens (Fig. 4), which is interpreted as the Modern 

viscous remanent magnetization (VRM). At higher temperatures, the characteristic 

remanent magnetizations (ChRMs) can be divided into four different groupings. The 

magnetization history of the sandstone dikes along the Front Range is complex. The 

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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Figure 4: Orthogonal projection diagram (Zijderveld, 1967) of specimen BC4-5, a 

clastic dike near Buffalo Creek, Colorado. Closed (open) circles represent the horizontal 

(vertical) component of the magnetization. The blue line shows the Modern VRM, 

which is present in many of the dike specimens. The ChRM is present above 600°C.  

  

AF demagnetization of 10 specimens resulted in between 10-30% decay of the 

NRM in most dike specimens. There was no straight-line decay of the magnetization 

observed on the orthogonal projection plots (Fig. 5); a component could not be isolated 

from AF demagnetization.  

 

600°C 
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Figure 5: Orthogonal projection diagram showing AF demagnetization of a 

representative specimen from dike SSD10 near Pine, Colorado. Closed (open) circles 

represent the horizontal (vertical) component of the magnetization. Less than 30% of 

the NRM was removed by 120m, and no magnetic component could be resolved from 

the AF treatment.  

 

ChRM I 

During thermal demagnetization most specimens with ChRM I (dikes SSD-A 

[sites SSD1, SSD2, and SSD7], SSD3, MP2, SF and IT3; Table 1) show removal by 

680°C of magnetization with an easterly declination and moderate positive inclination 

(Fig. 6).  The magnetization in specimens from site SSD3 decay with an easterly and 

shallow up magnetic direction (Table 1). The ChRM in specimens from site MP2 

displays decay with a southwesterly declination and inclination of moderate negative 

inclination (Fig. 6D) and the reversed direction was used to calculate the mean for  

ChRM I (Table 1). The magnetization in the specimens from all sites decay to zero 

intensity by 680-700°C; ChRM I is interpreted as residing in hematite.  






























































































































































































