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PALEOMAGNETIC AND ROCK MAGNETIC ANALYSIS OF AN IGNIMBRITE 

SEQUENCE, THE YELLOWSTONE HUCKLEBERRY RIDGE TUFF, SOUTHEAST IDAHO 

April Allen Langhans, MS 
The University of Texas at Dallas, 2019 

Supervising Professor: John W. Geissman, PhD 

Paleomagnetic data collected at four sites in ignimbrite members A and B of the Huckleberry 

Ridge Tuff in the Teton River Valley area of southeast Idaho, USA, yield ChRM directions in in 

situ coordinates of south-southwest declination and shallow inclinations that are consistent with 

previous investigations. Data collection was primarily focused on an exposure of HRT member 

A on a road cut off of Hog Hollow Road, where the ignimbrite was previously described as being 

an overturned fold that is reverse faulted. Contrary to this interpretation, the results of this study 

may imply that the Hog Hollow Road locality is not overturned, but is instead an upright fold 

that has been normal faulted. Data collected at the Hog Hollow locality indicate that folding and 

acquisition of compaction fabrics occurred above maximum magnetization blocking 

temperatures (>580ºC) in the hanging wall of faulted member A, but that deformation of 

underlying rocks occurred simultaneously with acquisition of remanence. Directional data from 

hanging wall and footwall rocks do not show significant deviations from each other to support an 

overturned fault, but instead support the hypothesis that the fold is an upright fold. Preliminary 

data from other sites may indicate that deformation followed ChRM acquisition at temperatures 

<580ºC thus during syn-emplacement-tilting. 
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CHAPTER 1 

INTRODUCTION 

The Yellowstone volcanic field has evolved episodically over the last 2.1 Ma, and has been 

divided into three volcanic cycles of activity defined by three distinct large volume ignimbrite 

(high temperature pyroclastic density current (PDC’s)) sequences (Christiansen, 2001; Ellis et 

al., 2012). The Huckleberry Ridge Tuff (HRT) is a regionally extensive ignimbrite sequence of 

three distinct ash-flow PDC’s that erupted during the climax of Yellowstone’s first volcanic 

eruption cycle at ca. 2.1 Ma (Christiansen, 2001). Thus the HRT has been divided into three 

distinct eruptive members (A, B, and C) (Christiansen, 1979) (Figure 1.1).  

The HRT has been the subject of previous paleomagnetic investigations, the results of 

which show that each member has a very well-defined characteristic remanent magnetization 

(ChRM) of south-southwest declination and near-horizontal inclination. This field direction has 

been associated with high amplitude geomagnetic field features associated with the Reunion 

normal polarity subchron (Reynolds, 1977; Anders et al., 1989; Byrd et al., 1994; Geissman et 

al., 2010). However, new 40Ar/39Ar data have provided conflicting eruption ages for the HRT, 

resulting in different interpretations of the details of the early Quaternary geomagnetic polarity 

time scale. Controversy still exists over whether the HRT was erupted during the Reunion event 

or if it represents its own geomagnetic field event (Rivera et al., 2014).  

Exposures of the HRT in southeast Idaho are characterized by large-scale rheomorphic 

features, defined here as the process in which a rock deforms plastically as a result of partial 

fusion that is promoted by the addition of new material by diffusion (Wolff and Wright, 1981; 

Neuendorf et al. 2005; Geissman et al. 2010), including overturned folds with wavelengths and 
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amplitudes >100 m (Embree and Hoggan, 1999). Rheomorphic features in ignimbrites such as 

stretched pumice fragments, eutaxitic structures, and ramp structures have been interpreted to 

form after welding, but at elevated temperatures that facilitate secondary deformation (Wolff and 

Wright, 1981; Geissman et al., 2010). Deformation of the HRT in this region have been 

interpreted to have formed after the development of compaction fabrics, but prior to 

devitrification (Geissman et al. 2010; Embree and Hoggan, 1999).  

The two main localities examined in this study are sites extensively described by Dr. C. 

Wilson (Professor of Volcanology, Victoria University of Wellington) located in the Teton River 

Valley area of southeast Idaho; these are the Hog Hollow Road site and the Bitch Creek site. 

Based on the brief description provided by Embree and Phillips (2011) and Christiansen (2001) 

the Hog Hollow Road locality should expose HRT member B, but actually exposes member A 

(Embree and Phillips, 2011; Wilson, personal communication, 2017) (Figure 1.1). Furthermore, 

C. Wilson suggests that member A is not only present at this site, but makes up all but 10-20m of 

any of the exposed members of the HRT in the area. The Bitch Creek site is located east of the 

Hog Hollow site and exposes HRT member B. 

These localities were selected to determine the nature and timing of inferred rheomorphic 

deformation associated with ignimbrite emplacement at each locality based on a comprehensive 

paleomagnetic data set as well as magnetic fabric information. Due to previously misidentified 

members of the HRT in the area, field relations were evaluated and interpreted prior to collection 

of samples. The paleomagnetic data gathered at these localities will add to the interpretation of 

the HRT emplacement processes. Remanence data, if the HRT was undisturbed since 

emplacement and subsequent remanence acquisition, should yield magnetizations of sub-
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horizontal inclination and south-southwest declination. If rheomorphic deformation took place at 

very elevated temperatures (above the range of magnetization blocking temperatures) the ChRM 

directions will be well-grouped (low dispersion) and typical of the HRT regardless of the extent 

of deformation. However, if rheomorphic deformation occurred at lower temperatures, the 

ChRM results are predicted to be dispersed according to the observed pattern of distortion of 

compaction fabrics.  

 Previous interpretations of the timing of the development of rheomorphic features in this 

region have concluded that deformation occurred after compaction and welding, but before 

devitrification (Prostka and Embree, 1978; Embree and Hoggan, 1999; Geissman et al., 2010). 

The primary focus area of this study is the Hog Hollow Road locality where deformation is 

exposed in the HRT. This locality exposes HRT member A that was described by C. Wilson as 

being a reverse faulted overturned fold (C. Wilson, personal communication, 2017). This study 

tests the hypothesizes that deformation occurred at elevated temperatures (>580ºC), and 

furthermore, that the Hog Hollow site is not an example of a reverse faulted overturned fold, but 

is instead a normal faulted upright or slightly asymmetric fold. 
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Figure 1.1: Geologic setting of the greater Yellowstone area and sampling locality within the 
Teton River Valley area, Idaho, Montana, Wyoming, USA. Approximate location of the three 
source calderas for the HRT – labeled A, B, C, shown in yellow modified from (Christiansen, 
2001; Lanphere et al., 2002; Smith et al., 2009). 
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CHAPTER 2 

GEOLOGIC BACKGROUND 

2.1 Geologic Setting: 

The Yellowstone volcanic system consists of a series of silicic calderas that erupted 

siliceous PDC’s and related rhyolite lavas over three separate major events. The Yellowstone 

volcanic system is considered the manifestation of a continental lithosphere hotspot, having 

moved, relatively, from west to east over the last ca. 16 Ma, extending through Idaho, Wyoming, 

and Montana forming the Yellowstone-Snake River Plain (YSRP) hotspot system (Smith and 

Braile, 1994). In the current location of the hotspot beneath the North American plate, the 

Yellowstone area has experienced three major cycles of large volume explosive activity, with a 

combined total of 6,000 km3 of erupted material over the three cycles (Christiansen, 2001; Girard 

and Stix, 2012; Smith and Braile, 1993). Each of these cycles was associated with caldera-

forming eruptions. Calderas are large depressions resulting from eruptions that forced vast 

quantities of material (ash, crystals, and pumice) out of the magma chamber causing instability 

and collapse to the roof of the chamber. 

The three members of the HRT are ignimbrites that formed in the insulated inner part of 

siliceous pyroclastic density currents (PDC’s). The pyroclastic material is deposited in the wake 

of the density current as it moves across the topography. The insulated inner part of the density 

current is formed when the lower part of the deposit cools by contact with the Earth’s surface, 

and the upper part is cooled by air circulation. Heat becomes trapped between these two layers 

allowing for the interior of the deposit to cool less rapidly and partially to completely weld, 

forming ignimbrites. Ignimbrites are typically comprised of a poorly sorted mixture of pumice 
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and lithic fragments in a matrix of crystal fragments and vitric shards. Ignimbrites have variable 

composition, coloration, and thickness, depending on the nature of the PDC, parent magma, and 

topography over which the current moves. The highly variable characteristics of ignimbrites are 

used to extrapolate information about their parent PDCs, because the processes taking place 

within PDCs are unobservable and not well understood (Branney and Kokelaar, 2002). 

Ignimbrites can be welded to non-welded, a characteristic that is observed in the HRT. The HRT 

is distinguishable from other Yellowstone PDCs by minor chemical and mineralogic differences, 

most notably the presence of pale pink colored zircon crystals (Christiansen, 2001). 

The HRT is a suite of three separate ignimbrites that erupted during the Yellowstone 

area’s first volcanic cycle, erupting ~2,500 km3 of material. The HRT includes three members 

(A, B, and C) (Christiansen, 2001). This distribution of the HRT is shown in Figure 2.1, with 

new suggested distributions of members A and C in the study area, where they were previously 

misidentified. Potential misidentification of the different members of the HRT could have led to 

a miscalculation of each member’s approximate surface area and volume. More accurate 

mapping and identification of members in southeast Idaho are needed (C. Wilson, personal 

communication 2017). According to Christiansen (2001), the three members have different 

distinct source areas, each having formed a single cooling unit emplaced over a relatively short 

period of time with no substantial erosional breaks. Each member represents the culminating 

eruption of a singular magma body, where the three sources were connected at depth 

(Christiansen, 2001). Christiansen (2001) hypothesized that the eruption of A triggered the 

eruptions of members B and C, within a relatively short period. However, contrary to this 

hypothesis, recent high precision 40Ar/39Ar age spectrum data demonstrate the emplacement of 
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the members of the HRT into at least two separate eruptive phases, suggesting that members A 

and B were erupted over a short time interval followed by member C over 6,000 years later (Ellis 

et al., 2012). The separate eruption hypothesis is also supported by the compositional differences 

among the three members. Members A and B have comparatively similar compositions, and 

member C is distinctly different, as it has higher quartz to feldspar ratio, and further 

compositional distinctions are described later in the section. Myers et al. (2016) suggest that the 

members of the HRT were erupted from three discrete magma bodies, or cupolas, lying atop a 

much larger main magma body. The individual cupolas were erupted sequentially and 

episodically, initially generating fall deposits and then ignimbrite forming density currents. 

Myers et al. (2016) reinterpret the initial eruption of Huckleberry Ridge pyroclastic material as 

having intermittent explosive activity, like observed at Mount St. Helens, and suggests that the 

HRT magma body was not strongly over-pressurized at the onset of the eruption. 

 

Next Page: Figure 2.1: Distribution of the three members of the Huckleberry Ridge Tuff of 
Yellowstone’s volcanic field and the approximate location of the caldera rims modified from 
(Christiansen, 2001; Lanphere et al., 2002). The red box is the location of the sampling locality. 
Proposed distribution of members A and C are dashed and are only shown extending into the 
study area. 
 



8 



9 

2.1.1 Huckleberry Ridge Tuff Member Description 

The following is a description of individual members of the HRT (summarized in Figure 

2.2). Member A has a distribution representing an initial areal extent of ~6,280 km2 and an 

estimated volume of ~820 km3; however, these estimates are based on the assumption that 

member A does not extend into southeast Idaho. If the distribution of member A has been 

inaccurately mapped, the member may cover a larger area and volume. Member A and B are 

similar petrologically, however member A has fewer quartz crystals and more plagioclase 

crystals than member B. Member A is a crystal-rich welded tuff near the base, becoming 

increasingly crystal-poor toward the top of the member. The lower part of the member has a 

moderate abundance of crystallized welded pumice lapilli that, like the crystals, are sparse in the 

upper part. The pumice in the upper part contains the same percentage of crystals as the lower 

more crystal-rich part, which is likely due to sorting during eruption and emplacement, and not 

the result of zonation of crystal abundance within the magma chamber (Christiansen, 2001). The 

source area for member A is thought to be somewhere in the central part of the Yellowstone 

Plateau, where it is more densely welded, has the thickest distribution, and the largest crystals. 

Members A and B are separated by a parting, where the tuff is less densely welded and thus 

forming a compound cooling unit in most sections (Christiansen, 2001). 

Member B is the most voluminous HRT member, having erupted an estimated initial area 

of ~15,400 km2 of material with a volume of ~1,340 km3. Member B is crystal-poor at its base 

and is more crystal-rich toward the top, unlike A. In addition, member B has welded pumice 

clasts that contain crystal distributions proportional to those of the whole rock, and are indicative 

of compositional zonation within the erupted magma. Member B’s crystals are larger than those 
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in A. Member B contains large pink zircon crystals that are absent in other members, which adds 

to its distinctiveness. The uppermost part of the member contains two pumice types with 

contrasting compositions. One is dark-grey crystallized pumice in the devitrified rocks that 

contain vapor-phase minerals, most notably a brownish acicular amphibole. Amphibole is a 

distinguishing feature not found in any other Yellowstone rhyolites, and is therefore an 

especially useful lithologic marker (Christiansen, 2001). The other pumice present in the same 

rock is a stark white crystallized pumice that contrasts greatly with the darker pumice. In almost 

all exposures member B overlies A, with the exception of areas with higher pre-existing 

topography where onlapping occurs (Christiansen, 2001). The source area of member B is 

inferred to be the Island Park area, as indicated by lateral variations and thickness changes within 

the member. The presence of folds and highly anomalous compaction fabrics in member B in a 

broad area to the south of the source area and west of the Teton Range in southeast Idaho 

indicates that the tuff was very hot, unusually thick, and deformed as it was being deposited and 

welded (Christiansen, 2001). Member B is non-welded to partially welded at the top, and the 

contact with overlying member C is sharp everywhere. 

Member C is the least voluminous member of HRT, with an initial area of ~3,690 km2 

and an estimated volume of ~290 km3; however, these estimates are based on the assumption that 

member C does not extend into the study area and are also problematic because much of member 

C is buried beneath the younger Yellowstone Plateau rhyolites. Member C is lithologically 

distinctive from the other members of the HRT. The crystals present in this member are smaller 

than those in members A and B. This member’s ignimbrite is often highly lineated, and has 

higher quartz to feldspar ratio than that of the other members. Marked lineations of stretched 
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pumice and abundant open space crystallization are characteristic of member C. Those features 

are most extreme in the Red Mountains, elsewhere member C’s lineations are oriented radially 

away from the Red Mountains, indicating the location of the source. In this area, member C is 

densely welded to its base (Christiansen, 2001).  

2.1.2 Site Description 

The Hog Hollow Road locality, a road cut on a spur off of Hog Hollow Road (GPS 

coordinates: 43°56’25” N and 111°27’35” W), exposes parallel-bedded, stark, white non-welded 

part of member A that has been upthrust and overturned into a decameter volume fold that also 

involves the basal lower vitrophyre of member A (C. Wilson, personal communication, 2017) 

(Figure 2.3). Compaction fabrics (eutaxitic features) dip steeply but upright black heavily jointed 

welded member A is interpolated to be in reverse-fault contact over the top of the basal non-

welded white ignimbrite (C. Wilson, personal communication, 2017) below which is a 

conglomerate. Most samples were collected at this locality due to its complexity and ease of 

access. Additionally, independently oriented samples were obtained at another site, Bitch Creek, 

along highway 32 located at the intersection with Bitch Creek (GPS coordinates: 43°56’04” N 

and 111°10’38” W) (Figure 2.4). This site was also described by C. Wilson, and is an exposure 

of member B along the east side of the road. The north side of Bitch Creek exposes a pale pink-

grey colored welded member B (Wilson, personal communication, 2017). The south side of 

Bitch Creek has an exposure of dark vitrified member B (J. Geissman, personal communication, 

2017). 

 
Next Page: Figure 2.2: Stratigraphy of the Yellowstone Plateau volcanic field and the HRT 
stratigraphic column, modified from (Christiansen, et al., 1972; Christiansen, 2001; Embree, et 
al., 2011; Love, et al., 1992). 
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Figure 2.3: Geologic map of the Hog Hollow Road sampling area, adapted from Embree and 
Phillips (2011). White circles indicate specific sampling sites. 
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Figure 2.4: Geologic map of the Bitch Creek sampling area, adapted from Phillips et al. (2014). 
White circles indicate specific sampling sites. 
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2.2 Paleomagnetism, Background 

All members of the HRT have been the subject of paleomagnetic investigations and those 

studies show that the ignimbrite has a characteristic remanent magnetization (ChRM) of south-

southwest declination and near-horizontal inclination, which is an unusual field direction for 

early Quaternary time (Reynolds, 1977; Anders et al., 1989; Byrd et al., 1994; Geissman et al., 

2010). The mean remanence directions collected from the upper and lower well-welded basal 

margins (including vitrophyres) of member A and B, respectively, are approximately identical, 

suggesting that a significant amount of time did not separate emplacement of the two members 

(Reynolds, 1977). Data collected from the three members imply emplacement and the acquisition 

of this unusual remanence direction over a very short period of time, suggesting that the HRT 

was erupted either during a short-lived geomagnetic field excursion or during the transitional 

part of an actual field reversal (Geissman et al., 2010). Paleomagnetic work on the HRT in parts 

of southeast Idaho indicates very complex patterns of emplacement in local areas. Consistently 

oriented ChRM directions in both highly deformed and undeformed HRT exposures suggest that 

rheomorphic structures must have formed rapidly at very elevated temperatures as compaction 

fabrics developed, yet in surrounding areas the HRT exposures were deformed after compaction 

and welding, but prior to devitrification (Geissman et al., 2010). The HRT in the Teton Range 

area is often characterized by a more complex natural remanent magnetization (NRM), with 

moderate to steep positive inclination magnetizations heavily superimposed on the ChRM (Byrd 

et al., 1994). During progressive demagnetization, a south-southwest declination and shallow 

positive inclination is usually resolved and is typical of these rocks, and these data were 
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interpreted to indicate that the general area was tilted by some 10° to the west following 

emplacement (Byrd et al., 1994) in response to uplift of the Teton Range.  

Reynolds (1977) argued that the HRT cooled in a weak transitional geomagnetic field, 

with alteration attending devitrification leading to the acquisition of a chemical remanent 

magnetization overprint on a relatively weak thermoremanent magnetization (typical NRM 

intensity <1.0 A/m). Average paleomagnetic field intensity at the time of HRT emplacement, 

determined by heating specimens in controlled atmospheres, yielded significantly different 

results from other Yellowstone tuffs. The HRT yields an average paleomagnetic field intensity of 

a 4000nT, while the younger Mesa Falls Tuff and Lava Creek Tuff yield values of 29,000nT and 

32,000nT, respectively. The paleointensity value along with anomalous remanence directions 

strongly support the hypothesis that the HRT erupted during a geomagnetic polarity transition or 

other form of high amplitude field phenomena (Reynolds, 1977; Geissman et al., 2010). The 

minimum principal susceptibility directions of the HRT are typically steeply inclined, and when 

corrected for local orientation of eutaxitic foliations, the data suggests that the HRT in the Snake 

River Plain has not been tectonically disturbed since emplacement (Anders et al., 1989).  

The HRT exhibits a range of behaviors in response to alternating field (AF) 

demagnetization. Typically the HRT appears to have been affected by partial remagnetization in 

a normal polarity field (Reynolds, 1977). In this context, ‘unstable’ behavior indicates that the 

specimens undergoing progressive demagnetization never reach a well-defined stable endpoint 

trajectory, and after AF demagnetization unstable results from the HRT fail to show well-

grouped magnetizations of southwest declination (Reynolds, 1977). This behavior by the HRT is 

due to the presence of large homogenous grains of magnetite and/or maghemite present in the 
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tuff, and this combination of magnetic phases carries different directions of magnetization with 

varied ranges in coercivities and laboratory unblocking temperatures (Reynolds, 1977). 

However, parts of the HRT do exhibit less complicated AF response, with a single magnetization 

component univectorially decaying to the origin but these are limited to the base of densely 

welded cooling units and the partially welded parts of the distal margins of each cooling unit 

(Reynolds, 1977). 

Studies of the anomalously-directed ChRM within the HRT have often associated it with 

the Reunion normal polarity subchron, but new 40Ar/39Ar age data from eight Reunion lavas and 

from member B of the HRT show that the age of eruption of the HRT member B is 

distinguishable from the age of the Reunion subchron (Singer et al., 2014; Rivera et al., 2014). 

The most recent geochronologic studies for the age of member B yield a 40Ar/39Ar date of 2.077 

± 0.001/0.003 Ma and U-Pb zircon age date of 2.084 ± 0.012/0.013 Ma. The Reunion event has 

been re/calculated to have taken place 2.200 ± 0.007/0.010 Ma, placing the new age estimate of 

the HRT just outside of the Reunion polarity event (Singer et al., 2014). This result contradicts 

previous age estimates using the  40Ar/39Ar approach that estimate the age of member B to circa 

2.1 Ma (Kuiper et al., 2008; Lanphere et al., 2002; Ellis et al., 2012), and subsequently different 

interpretations of the geomagnetic polarity time scale (Rivera et al., 2014). 
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CHAPTER 3 

METHODS 
 
 

3.1 Data Collection 

Sampling at four discrete sites located in southeast Idaho, just north of the Teton River, 

yielded a total of 200 (101 used – 60/101 collected by myself) independently oriented block and 

core samples obtained over three field seasons – summer 2017 (4 sites by Dr. John Geissman), 

fall 2017 (2 sites by myself), and fall 2018 (4 sites by myself). These samples yielded a total of 

526 standard cylindrical specimens for analysis. The samples used for paleomagnetic 

investigations were obtained using standard paleomagnetic collection methods, at the selected 

localities. A gasoline powered portable field drill was used to drill core samples 2.25cm in 

diameter from suitably welded tuffs using a water cooled diamond tipped drill bit (2.25cm I.D., 

2.86cm O.D. X 20.32cm length). These core samples were drilled in-situ from the bedrock 

outcrop. Orientations of all drill samples were made using a Pomeroy orienting fixture for 

measuring hade and magnetic compass values and where possible sun compass orientation 

values were collected. An aluminum cased Brunton compass was used to measure orientations of 

eutaxitic (compaction) foliation orientations within the ignimbrite. “Tilt corrections” of the 

samples were made in reference to the eutaxitic foliations measured in the field using the current 

strike direction to perform the (back tilt) correction. Block samples were collected by orienting 

flat surfaces of in situ outcrops in which orientations could be taken using a Bruton compass. 

The block was then broken off the outcrop, and cylindrical cores 2.25cm in diameter were drilled 

in the laboratory. The samples from both core and blocks were then cut into specimens 2.25cm in 

length for analysis and demagnetization, using a non-magnetic, diamond tipped dual bladed saw. 
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The prepared specimens were stored in a magnetically-shielded low-magnetic induction room at 

the University of Texas at Dallas’ Paleomagnetic and Rock Magnetism Laboratory. The room 

maintains an average field intensity below 300mT. 

The anisotropy of magnetic susceptibility (AMS) was measured for each specimen of 

appropriate measurable shape before any other subsequent measurements. Specimens were 

measured using an Advanced Geoscience Instruments Company (AGICO) MFK1-A 

susceptibility instrument equipped with a 3D manipulator. The NRM of all specimens was 

measured using either an AGICO JR5A or JR6A spinner magnetometer, or a 2G Enterprises DC 

SQUID superconducting rock magnetometer (McElhinny and McFadden, 2000). After 

measurement of  the NRM, two methods of progressive demagnetization were carried out on 

multiple specimens from samples for each site; alternating field (AF) and  progressive thermal 

demagnetization, in order to unravel the magnetization history of the HRT since magnetization 

acquisition by characterizing the the direction and intensity of the NRM of all components 

(McElhinny and McFadden, 2000; e.g., Geissman et al., 2010). AF and progressive thermal 

demagnetizations were carried out on ~29% of the prepared specimens, of this ~61% underwent 

AF demagnetization and ~39% progressive thermal demagnetization. A 2G Enterprises-

degaussing system interfaced with a pulse cooled DCSQUID based 2G Enterprises 

superconducting rock magnetometer was used for progressive alternating field demagnetization 

of specimens with suitable NRM intensity. Each specimen undergoing AF field demagnetization 

was subjected to 9 to 27 demagnetization steps with fields ranging from 3 to 150mT. An ASC 

Scientific D-2000 demagnetizer was used to generate fields greater than 110mT, due to the 

limitations of the AF demagnetizing system interfaced with the superconducting rock 
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magnetometer. Many specimens were not fully demagnetized, with >10% of NRM remaining 

after AF demagnetization, due to the relatively high-coercivity magnetic phases in the rocks, so 

to fully isolate the ChRM a combination of AF demagnetization and progressive thermal 

demagnetization was used. AF demagnetization data could distinguish isothermal remanent 

magnetization (IRM) (lightning related) and other remanent magnetizations (McElhinny and 

McFadden, 2000) from a thermoremanent magnetization (TRM). AF demagnetization of 

anhysteretic remanent magnetization (ARM) was performed on specimens from each site. The 

ARM is acquired when the sample is exposed to a decreasing alternating magnetic field (peak of 

100mT) in the presence of a small biasing DC magnetic field (0.01mT), and can be used to 

assess the coercivity spectrum of magnetic grains within the specimen (Egli and Lowrie, 2002, 

McElhinny and McFadden, 2000). The specimens first underwent AF demagnetizations to peak 

fields of 105mT at 10mT intervals to 60mT then 15mT intervals to 105mT. Then ARM was 

induced in a peak field of 100mT with a DC biasing field of 0.1mT on the specimens. The 

specimens were then AF demagnetized in the same manner as for AF demagnetization of NRM. 

For progressive thermal demagnetization each specimen was heated to successively 

higher temperatures, sustaining those temperatures for ~60 minutes, and cooled in a field-free 

space. Thermal demagnetization involved 17 to 27 steps, with temperatures ranging from 90ºC to 

655ºC. The specimens were heated in one of three ASC TD-48 furnaces with magnetic fields of 

less than 10nT stored in the large-volume magnetic shield. The specimens were heated at 60ºC 

increments from 90ºC to 410ºC, from here the specimens were heated at progressively smaller 

intervals (the smallest interval ~6ºC) in an effort to increase the resolution of the 
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demagnetization behavior of the specimens, and the better define the laboratory unblocking 

temperature spectra.  

In order to identify magnetic minerals and their domain states, rock magnetic 

experiments were conducted on specimens from each site. These experiments included the 

acquisition of isothermal remanent magnetization (IRM) to complete saturation (SIRM), 

backfield direct current (DC) demagnetization, and the monitoring of bulk susceptibility as a 

function of temperature (heating and cooling) in a controlled atmosphere. IRM and backfield 

measurements were made using an AGICO JR5A or JR6A spinner magnetometer, and DC fields 

applied by an ASC model IM-10-30 multi-coil impulse magnetizer. Specimens from each site, 

after being demagnetized to 10% or less of the original NRM by AF demagnetization, were 

subjected to increasing DC fields to acquire an IRM as a means of measuring the intrinsic 

coercivity spectrum of the specimen from each site. After IRM acquisition the specimens were 

exposed to increasing DC fields in the opposite direction until demagnetization. A backfield DC 

demagnetization curve provides the coercivity of remanence that is estimated by the addition of 

the applied field where the saturation remanence is reduced to zero. The specimens were exposed 

to maximum DC fields between 650mT and 1000mT in 40 to 47 steps for IRM acquisition and 

50mT to 100mT in 13 to 19 steps for backfield demagnetization.  

Measurements of the bulk susceptibility as a function of heating and cooling  were done 

on powders from 18 oriented samples from all sites using an AGICO CS4 temperature unit 

interfaced with an MFK1-A susceptibility instrument in an inert (argon) atmosphere. The 

temperature unit heats the specimens from 25ºC to 700ºC at 14ºC intervals, and then cools the 

specimens back to room temperature over the same temperature interval. In all cases, 
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susceptibility measurements as a function of temperature were also obtained on magnetic 

separates, where the magnetic grains were separated from the powder using a handheld magnet.  

3.2 Data Analysis 

The software utilized for viewing and analyzing paleomagnetic and rock magnetic data is 

provided by AGICO. Demagnetization data are plotted on orthogonal demagnetization diagrams, 

an orthogonal vector diagram that displays both intensity and direction of the magnetization 

vector for a specimen, using Remasoft (Zijderveld, 1967; McElhinny and McFadden, 2000). 

Remasoft is a paleomagnetic data browser and analyzer that provides advanced analysis of 

magnetic remanence data, and was used to analyze progressive thermal demagnetization, AF 

demagnetization, and ARM demagnetization data. Isolated remanent magnetization vector 

directions and ChRM directions were estimated via visual inspection of the orthographic 

demagnetization diagrams and determined using principal component analysis (PCA) 

(Kirschvink, 1980). Progressive tilt analyses were performed using Paleomag GSC v. 42 

provided by Randy Enkin. AMS data were analyzed using Anisoft, an anisotropy data browser 

that provides advanced analysis of AMS data. Susceptibility versus temperature data was 

analyzed using Cureval, a thermomagnetic curve browser and analyzer. This program provides 

analyses of both high and low temperature curves. IRM acquisition curves and backfield DC 

demagnetization curves were plotted using a MATLAB script written by Hesham Buhedma, or 

using Remasoft. 
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CHAPTER 4 

RESULTS 
 
 

4.1 Field Observations 

The exposure along ID-Highway 32 north of Bitch Creek, at the Bitch Creek locality, is a 

pale pink colored, welded ignimbrite containing large quartz crystals (Figure 2.4 and 4.1A). 

Trace amounts of brown amphibole were observed, which led to the identification of the 

exposure as member B of the HRT. South of Bitch Creek is a small exposure of a dark vitrified 

member B ignimbrite (Figure 4.1B) that farther south along the road is baked where it is overlain 

by younger basalt. Eutaxitic fabrics for these exposures are approximately horizontal. 

Figure 4.1: Core samples taken from the Bitch Creek locality A)   
the pale pink colored welded ignimbrite found north of Bitch Creek 
and B) dark vitrified member B ignimbrite found south of Bitch 
Creek. 

 

 

 

 

Field observations made at the Hog Hollow locality differ from the initial site description 

provided by C. Wilson. This locality was described as exposing a parallel-bedded white ash fall 

deposit of member A that has been upthrust and overturned into a decameter scale fold involving 
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the basal lower vitrophyre of member A (C. Wilson, personal communication, 2017) (Figure 

4.2). Upright black heavily jointed well-welded vitrophyre of member A is in reverse-fault 

contact over the top of the ash fall deposit (C. Wilson, personal communication, 2017) (Figure 

4.2). 

 
Figure 4.2: Hog Hollow Road locality interpretation based on C. Wilson’s description (C. 
Wilson, personal communication, 2017) view looking approximately due east. Arrows indicate 
direction of movement along the fault zone that show proposed upward movement of the 
hanging wall. 
 

This study observed that the road cut exposes HRT member A, which was identified 

visually based on composition and crystal size. The crystals in the ignimbrite (vitrophyre) 

exposed at this locality are smaller than those at the Bitch Creek locality and quartz crystals are 

of lower abundance. This locality contains an exposure of a parallel bedded, bright white ash-fall 

deposit that is poorly consolidated and loosely compacted. This ash-fall deposit lies physically 

below the dark well-jointed well-welded vitrophyre of ignimbrite of HRT member A (Figure 

4.3A). Below the ash fall deposit is a dark, almost black, vitrophyre that is not as well exposed at 
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the surface of the road exposure (Figure 4.3B). The locality includes a normal fault that strikes 

~81º and dips ~49º S, based on measurements of slickenside lineations taken on the fault plane 

(Figure 4.4). The fault cuts the upper part of the ash-fall deposit which is exposed on either side 

of the fault. The ash-fall deposit in the hanging wall (below the vitrophyre) appears lower 

stratigraphically, and was used to determine the nature of the fault. The fault zone is ~ 2 m wide 

and is mostly composed of fragmented and altered parts of the ash-fall deposit. It also contains 

breccia and fragmented conglomerate from an older deposit (Figure 4.5A). The breccia and 

fragmented conglomerates are present elsewhere along this exposure outside the fault zone as 

thin vertical pipes that are interpreted to be pressure relieving fumaroles that brought these 

materials from beneath the ignimbrite deposit (Figure 4.5B). Despite the site description 

provided by C. Wilson, field observations in this study found little to no visual evidence of the 

presence of extensive folding of HRT member A at this locality. The outcrop is interpreted to 

expose a gentle upright fold, if it is at all folded, and that most of the displacement is due to 

faulting. 
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Figure 4.3: Ignimbrites exposed at the Hog Hollow Road locality. A) Black, heavily jointed 
ignimbrite located in the hanging wall and B) Black vitrophyre located in the footwall. 
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Figure 4.4: This studies interpretation of geologic field relations at the Hog Hollow Road locality 
view looking approximately due east. Arrows indicate direction of movement along the fault 
zone that show downward movement of the hanging wall. 
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Figure 4.5: Photographs of breccias and conglomerates found within (A) the fault zone and in 
vertical pipes (B) elsewhere along the road cut. 
 
4.2 Rock Magnetic Data 

4.2.1 ARM and NRM Decay, IRM Acquisition, and Backfield Demagnetizations 

Normalized NRM and ARM decay curves for specimens from each of the four sample 

locations are shown (Figure 4.6). Seven of the 18 specimens still had >50% of their original 

magnetization at 105mT, and the remainder retain <50% of their original magnetization with two 

samples (HHR1 and AHT2) being almost completely demagnetized. AF demagnetization of 

ARM shows that all specimens demagnetized had over 50% of their original magnetizations and 

seven of the 18 specimens completely randomized. The median destructive field (MDF) for 

NRM and ARM response varies considerably, meaning that for these specimens ARM cannot be 

used to determine the concentration of the carrier of NRM (Snowball and Sandgren, 2001). Six 

of the specimens yield MDF of NRM and ARM values that are similar, suggesting that ARM can 
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be used to determine the concentration of the carrier of NRM for these specimens. Results of the 

modified Lowrie-Fuller test, involving the comparison of ARM and SIRM demagnetization 

(Lowrie and Fuller, 1971; Johnson et al., 1975), were inconclusive for all but a single specimen 

(HRT1), and for this reason these results appear in the appendix (A.1). The results from this test 

indicate that HRT1 is dominated by single domain (SD) to pseudo-single domain (PSD) grains. 

Samples collected from all sites, with over 12 samples taken from the Hog Hollow 

locality, show saturation in IRM acquisition experiments ranging from about 350mT to 700mT 

(Figure 4.7). Coercivity of remanence (Hcr) values range from 50mT to 100mT. Approximate 

coercivity (Hc) values, as the point where the IRM is realigned by the backfield demagnetization 

and is equal to the magnetization unaffected by that field, range from 35mT to 70mT. For all 

specimens steep IRM acquisition is shown below 250mT to 300mT; specimens do not reach full 

saturation until ≥350mT. Rapid IRM acquisition at low fields indicates the presence of multi-

domain (MD) grains (Cisowski, 1980). Many specimens exhibit continued IRM acquisition that 

shallows at higher fields, most commonly above ~300mT, which indicates that these samples 

contain some higher coercivity phases. The theoretical maximum saturation field for 

titanomagnetite (or ferrimagnetic ilmenohematite), magnetite, and maghemite is ~300mT, with 

no additional acquisition of magnetization in higher fields. Samples containing both 

titanomagnetite and hematite acquire IRM in fields up to 200-300mT, and then gradually 

acquires additional IRM in higher magnetizing fields (Butler, 1992). Ilmenohematites with 

greater Fe2O3 compositions can reach saturation magnetizations at ~500mT (Opdyke and 

Channell, 1996; Reynolds, 1977), and have been previously found in HRT samples along with 

poorly crystallized hematite. Based on the IRM data the samples contain magnetite and 
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maghemite as the dominant remanence carriers with lesser amounts of titanomagnetite, however 

because full saturation was not reached until higher fields most specimens likely contain some 

hematite or ilmenohematite. 

4.2.2 Susceptibility versus Temperature Experiments 

Results of susceptibility versus temperature measurements carried out on selected 

specimens from all sites yield Curie points that range from about 580ºC to 640ºC, indicating that 

the dominant remanence carriers are magnetite and maghemite (Figures 4.8 and 4.9). These 

values are within the range of the well-determined Curie temperature for magnetite (580ºC) and 

the experimentally determined Curie temperature for synthetic maghemite (~645ºC) (Ozdemir 

and Banerjee, 1984). Most temperature versus susceptibility curves for member A (HRT4A-F, 

AHT2, and AHT5) reveal the presence of maghemite, as indicated by the complete decrease in 

susceptibility at ~640ºC, with increases in susceptibility over temperature intervals between 

250ºC and 400ºC and 540ºC to 580ºC (Figure 4.8). The lower temperature inflection has been 

interpreted to indicate the presence of titanomagnetite. Titanomagnetite grains have been 

described in the HRT despite its overall low Ti-content (Reynolds, 1977). The decrease in 

susceptibility at ~300ºC in some of these samples indicates the likely transition from maghemite 

to hematite (Opdyke and Channell, 1996). In these specimens, magnetic separates show similar 

behavior with some clearly illustrating the lower temperature inflection and subsequent drop in 

susceptibility (Figure 4.9). Member A samples AHT1 and AHT3-4 show only a single peak in 

susceptibility at ~500ºC with subsequent decline to ~640ºC, indicating that low-Ti maghemite is 

an important magnetic phase (Figure 4.8). Curves for magnetic separates are typically more 

reversible and demonstrate peaks between 250ºC and 300ºC and 450ºC and 500ºC, which are 
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interpreted to show the presence of titanomagnetite and magnetite (Figure 4.9). These specimens 

also show a transition from maghemite to hematite that manifests itself in a decrease in 

susceptibility at ~300ºC. Interestingly, samples HRT4G-H and HHR1 show a single peak at 

~300ºC with complete loss of in susceptibility at ~620ºC (Figure 4.8). The presence of Ti in 

these samples is interpreted to be higher than other samples, due to the temperature of the 

inflection point and the Curie temperature of the specimens being lower than experimental 

values for maghemite. Data from member B (site HRT1) show a broad peak between 200ºC and 

400ºC with a sharp decline beginning at ~540ºC and a complete decrease in susceptibility by 

~620ºC. Magnetic separates show a susceptibility peak at 540ºC and a sharp decrease at ~640ºC 

(Figure 4.9). Maghemite is the dominant magnetic mineral and has a very low Ti-content. Site 

HRT5, sampled in member B, displays a clear Hopkinson peak, where susceptibility shows a 

sharp rise at 540ºC followed by a rapid decrease to the maximum Curie temperature of ~640ºC 

(Figure 4.8). Hopkinson peaks are generally associated with PSD or MD magnetic behavior 

(Hopkinson, 1889). Magnetic separates from this site show a much broader peak from 300ºC to 

540ºC, before a rapid decrease to ~640ºC (Figure 4.9). Member B specimens have an abundance 

of maghemite as a remanence carrier, and these grains have a low Ti-content.  

The interpretations of the susceptibility versus temperature are consistent with the 

coercivity ranges discussed previously in Chapter 4.2.1, and fall within the ranges of 

experimental coercivities established by Peters and Dekkers (2003). If ilmenohematite is present 

in the samples, as suggested by the IRM acquisition results, this could explain why the 

maghemite-hematite transition does not show up in all the susceptibility verses temperature 



32 
 

curves. The presence of ilmenohematite can mask the presence of this transition because of the 

susceptibility difference between the two magnetic minerals (Opdyke and Channell, 1996). 

4.2.3 Anisotropy of Magnetic Susceptibility Data 

The AMS in situ data are summarized in Tables 4.1 and 4.2, and AMS tilt corrected results 

are summarized in Table 4.3 and presented in Figures 4.10 and 4.11. For all sites, including 

multiple samples taken from the Hog Hollow site (both hanging wall and footwall), three-

dimensional susceptibility ellipses are shown in equal area projections in Figure 4.12 and 4.13. In 

situ AMS results have been corrected for eutaxitic fabric orientations measured at each locality. 

The AMS results from samples at the Hog Hollow site have well defined principal susceptibility 

axes (Figure 4.12 and 4.13), with the exception of HHR1, but the AMS results from the Bitch 

Creek locality yield much higher degree of scatter, as does site HRT3. This is due to orientation 

problems. The bulk susceptibility measurements for all samples of HRT member A range from 0.5 

x 10-3 to 3.5 x 10-3 SI volume units, and samples from HRT member B range from 0.01 x 10-3 to 

7.0 x 10-3 SI volume units (Figure 4.10). The Hog Hollow Road locality specimens bulk 

susceptibility measurements range from 0.5 x 10-3 to 3.0 x 10-3 SI volume units, with values 

ranging from 1.5 x 10-3 to 2.0 x 10-3 SI volume units. At site HRT2 three of the seven specimens 

have bulk susceptibility measurements ranging from 2.6 x 10-3 to 2.8 x 10-3 SI volume units, and 

the other four specimens range from 1.4 x 10-3 to 2.6 x 10-3 SI volume units. Site HRT3 has the 

greatest variability in bulk susceptibility for specimens of HRT member A specimens measured. 

Specimens from this site have a bulk susceptibility range of 0.5 x 10-3 to 3.5 x 10-3 SI volume units. 

Most specimens range from 1.0 x 10-3 to 3.0 x 10-3 SI volume units. The magnetic fabric for 
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member A contains both oblate and prolate, which is distinctive from member B which is 

dominated by oblate fabric (Figure 4.11). 

 
 
Next Page: Figure 4.6: Normalized NRM/ARM decay curves showing response to stepwise AF 
demagnetization at 10-15mT intervals to a maximum of 105mT. 
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Figure 4.6 continued 
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Figure 4.7: Normalized IRM acquisition curves and backfield demagnetization. 
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Figure 4.7 continued 
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Figure 4.7 continued
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Figure 4.8: Plots of bulk magnetic susceptibility (SI volume units) versus temperature (ºC) for 
HRT members A and B. Black curves are heating curves and grey curves are cooling curves. See 
text description for thermomagnetic response. 
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Figure 4.8 continued 
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Figure 4.8 continued 
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Figure 4.8 continued 
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Figure 4.9: Plots of bulk magnetic susceptibility (SI volume units) versus temperature (ºC) of 
magnetic separates for HRT members A and B. Black curves are heating curves and grey curves 
are cooling curves. See text description for thermomagnetic response. 
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Figure 4.9 continued 
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Figure 4.9 continued 
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Figure 4.9 continued 
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Figure 4.9 continued 

 
 
 
 
 

 
Figure 4.10: Histogram of average bulk susceptibilities for all site locations divided among their 
respective HRT members. 



48 
 

 
Figure 4.11: Degree of shape parameter (T) versus degree of shape anisotropy (P) for all 
specimens from samples from site locations separated into HRT members A and B; showing an 
oblate abundance in member B and varied fabric for member A. 
 
 
Table 4.1: Summary of AMS parameter data.

 
 
 
Next page: Table 4.2: In situ AMS principal parameter results. 
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Table 4.3: AMS parameters results corrected for orientation of compaction fabrics. 
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Figure 4.12: In situ equal area projections of principal susceptibility axes for specimens for all 
members A and B of the HRT represented by two-dimensional stereonets. The three principal 
susceptibility axes (K1, K2, and K3) are represented by solid squares, solid triangles, and open 
circles, respectively. The estimated mean directions for each axis are represented by larger 
shapes corresponding to the appropriate axes and their associated confidence ellipse. The number 
of specimens measured is given by N. 
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Figure 4.12 continued 
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Figure 4.12 continued 
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Figure 4.13: Equal area projections of principal susceptibility axes for specimens for all members 
A and B of the HRT that have been back tilted using eutaxitic foliation measurements 
represented by two-dimensional stereonets. The three principal susceptibility axes (K1, K2, and 
K3) are represented by solid squares, solid triangles, and open circles, respectively. The 
estimated mean directions for each axis are represented by larger shapes corresponding to the 
appropriate axes and their associated confidence ellipse. The number of specimens measured is 
given by N. 
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Figure 4.13 continued 
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Figure 4.13 continued 

 
 
 

4.3 Paleomagnetic Data 

The paleomagnetic results from the four sites investigated in this study were divided into 

two main groups, HRT member A and member B, for the purposes of evaluating the progressive 

demagnetization data. Member B, is exposed at sites HRT1 and HRT5, which were taken from 

the Bitch Creek locality. ZHT1 and 5 were collected for Ziaul Haque’s research with these 
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samples corresponding to HRT1 and 5. Presently, only AMS data has been collected on these 

samples. Member A, is exposed at three sites (HRT2, HRT3, and the Hog Hollow Road locality 

(AHT1-5, HHR1, HRT4A-H)), and data were subdivided further into three groups. The Hog 

Hollow site samples were grouped, based on their relation to the fault, into samples north 

(footwall) or south (hanging wall) of the fault. Data from HRT2 and HRT3 were grouped 

separately. Site mean directions were used to determine temporal variations and within-group 

dispersion. PCA analysis was used to estimate individual specimen ChRM directions for 

specimens from samples from each of the groups. Only specimens with PCA results having a 

maximum angular deviation (MAD) angle of ≤ 6º were accepted for this study, and results from 

previously misoriented samples were discarded due to the nature of their uncertainty. 

4.3.1 Progressive Thermal and AF Demagnetization Results 

Progressive thermal and AF demagnetization data for the Bitch Creek locality (HRT 

member B) specimens HRT1 yield internally consistent, well-defined magnetizations that are 

completely thermally unblocked by 655ºC (Figures 4.14 and 4.15). AF demagnetization up to 

fields of 102 mT was insufficient to completely isolate magnetizations, and only randomized the 

NRM by ~50%. HRT 5, established in member B vitrophyre, has less well-defined 

magnetizations that are completely thermally unblocked by 565ºC. These samples contain a 

NRM that is less stable to demagnetization than HRT1, and exhibits large changes in 

magnetization directions especially at low AF fields. The behavior of these samples is interpreted 

to be in part due to large homogenous maghemite grains in these rocks and thus different 

magnetic phases with different directions of magnetization and varying degrees of unblocking 

temperatures and coercivities (Reynolds, 1977; Byrd et al., 1994). Average NRM intensities are 
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similar between HRT1 and HRT5, with intensities of 0.187 A/m and 0.195 A/m respectively. 

The in situ and tilt corrected ChRM site mean directions for both HRT1 and HRT5 are of 

southwest declination and shallow inclination (Table 4.4 and Figure 4.16, labeled BC1 and 

BC5). The estimated site means direction for HRT1 are is much better defined (α95 = 5.1º) than 

for HRT5 (α95 = 29.9º). The two sites have an overprint magnetization of north declination and 

moderate positive inclination with more dispersed estimated site mean directions than that of the 

ChRM (Dg = 4.0º, Ig = 33.1º, k = 6.08 α95 = 55.1º, and Ds = 4.5º, Is = 45.5º, k = 8.36, α95 = 45.6º). 

This lower laboratory unblocking temperature component is removed between 150ºC and 270ºC. 

 Samples from the Hog Hollow Road locality and sites HRT2 and HRT3 (all collected in 

HRT member A) yield internally consistent, well-defined magnetizations that are thermally 

unblocked by 562ºC to 624ºC (Figures 4.14 and 4.15). AF demagnetization up to fields of 102 

mT was insufficient in completely demagnetizing the NRM in these rocks. Five of the sixteen 

specimens subjected to AF demagnetization were <50% demagnetized by 102 mT (HRT2, 4A, 

4B, 4F, and AHT4). The varied range of coercivities and laboratory unblocking temperatures is 

interpreted to be due to the presence of different magnetic phases. PCA analysis of 52 specimens 

from samples HRT4A-H, AHT1-4, and HHR1 from the footwall and hanging wall of the 

exposed fault yield similar in situ ChRM site mean directions of south-southwest declination and 

shallow inclination (Figure 4.16, labeled HHR_F and HHR_H). The estimated site mean 

direction for samples from the footwall is better defined (α95 = 4.4º, HHR_F) than that for data 

from the hanging wall (α95 = 8.3º, HHR_H) (Table 4.4 and Figure 4.16). A comparison of the 

two estimated site mean directions do not show significant difference, as one would expect for a 

faulted overturned fold, with an in situ α95 = 4.0º for all specimens from the hanging wall and 
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footwall combined (Figure 4.16, HHR F&H). The average in situ site mean directions for the two 

sides of the fault have α95 = 30.7º, the greater dispersal is due to low sample size (N = 2) and is 

not the result of significant difference in direction. Site mean directions corrected for orientation 

of eutaxitic structures are again of south-southwest declination but moderate positive 

inclinations. The moderate inclinations are significantly distinct from the ChRM of the HRT 

reported in previous studies, and indicates that the correction applied is not appropriate. Average 

NRM for samples obtained on the hanging wall range from 0.024 A/m to 0.223 A/m. The five 

samples with the lowest average intensities are lighter in color, less consolidated, and/or friable. 

The average NRM for samples taken on the footwall range from 0.040 A/m to 0.150 A/m. HRT 

2 and 3 show in situ ChRM site mean directions of south-southwest declination and moderate 

inclination (α95 = 18.1º), and tilt corrected south-southwest declination and shallow inclination 

(α95 = 11.1º). The >10 º α95 values is because HRT2 and HRT3 directions were combined into a 

single PCA analysis. If HRT3 values were removed HRT2 would have estimated ChRM site 

mean directions of Dg = 210.3º, Ig = 41.8º, k = 219.50 α95 = 4.5º, and Ds = 214.1º, Is = -2.2º, k = 

220.28, α95 = 4.5º, and N = 6. HRT3 has a greater dispersion rate due to N = 2, with estimated 

ChRM directions of Dg = 182.0º, Ig = -4.5º, k = 200.20 α95 = 17.7º, and Ds = 185.0º, Is = -17.8º, k 

= 205.01, α95 = 17.5º. Average NRM intensities vary little between HRT2 and HRT3, with 

intensities of 0.148 A/m and 0.129 A/m respectively. Many specimens from HRT member A, 

both vitrified and non-vitrified, exhibit an overprint magnetization with a north-northwest 

declination and a moderate inclination with greater dispersion among average ChRM directions 

(Dg = 5.8º, Ig = 29.5º, k = 2.26 α95 = 27.4º, and Ds = 336.3º, Is = 45.1º, k = 2.47, α95 = 25.4º). This 
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overprinting is demagnetized at between 12mT to 30mT and unblocking temperatures of 150ºC 

to 370ºC. 

The range of coercivities and unblocking temperatures of the specimens analyzed from 

HRT members A and B are consistent with observations discussed in previous sections. The 

maximum unblocking temperatures of 562ºC to 624ºC are consistent with maghemite and low-Ti 

magnetite as the dominate carriers of magnetization. The higher unblocking temperature exhibited 

in HRT1 (655ºC) is likely due to a higher degree of hematite grains within the sample when 

compared with the other samples. Furthermore, the lower temperature unblocking interval (150ºC 

to 370ºC) is an indication of titanomagnetite, ilmenohematite, or further evidence for maghemite. 

Manifestation indicators for the following mineral phases are within this range, 150ºC, 200ºC to 

450ºC, and 300ºC to 400ºC, respectively. 

4.3.2 Anisotropy of Magnetic Susceptibility Results 

The AMS results were divided among members A and B of the HRT, with member A being 

further subdivided based on relation to the fault (hanging wall, footwall, and sites HRT2 and 

HRT3) (Figure 4.12 and 4.13). Flow directions were interpreted from the azimuth of the plunge of 

the K3 axis (minimum) for each sample, with the magnetic foliation plane dip direction opposite 

to the K3 axes plunge azimuth (Hillhouse and Wells, 1991; Geissman et al., 2010). At the Hog 

Hollow Road locality AMS data from hanging wall rocks corrected for the orientation of 

compaction fabric show well-grouped minimum susceptibility axes, and a well-defined magnetic 

foliation plane. The corrected K3 azimuths are concentrated in the west (average azimuth = 271.5º) 

and have moderate plunges (average plunge = 32.7º). On the other hand, in situ K3 axes have east 

and/or west azimuths with the average value at 91.1º, and very shallow plunges (average plunge = 
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8.3º). Inferred flow directions for the hanging wall specimens from K1 (maximum) and K3 axes 

indicates a west directed flow with foliation planes dipping relatively steep eastward. For sites 

HRT2 and HRT3, tilt corrected values are less defined or grouped, and are concentrated in the 

northwest quadrant (average azimuth = 320.2º) with moderate plunges (average plunge = 30.6º). 

In situ orientations have K3 axes concentrated in the west-northwest quadrant (average azimuth = 

294.9º) with shallow to moderate plunges (average plunge = 17.7º). The implied direction of flow 

for HRT2 and HRT3 based on the K1 and K3 values yields results that are inconsistent with 

established direction of flow for the HRT. Direction of flow as indicated by this studies data of 

northwestward flow direction and foliation planes dipping to the southeast is also opposed to data 

collected from other specimens in this study. AMS results from samples collected in footwall rocks 

at the Hog Hollow Road locality are moderately well defined with K3 axes that are fairly well 

grouped. Tilt corrected K3 values are concentrated in the southwest quadrant (average azimuth = 

215.7º) with moderate to steep plunges (average plunge = 53.8º). In situ K3 values are concentrated 

in the west (average azimuth = 268.1º) with moderate to steep plunges (average plunge = 67.1º). 

Flow directions for the footwall rocks, as interpreted from K1 and K3 axes orientations, indicate a 

southwest flow direction with foliation planes dipping east-northeastward. Results for member B 

corrected for orientation of compaction fabric (HRT1, HRT5, ZHT1 and ZHT5) have fairly well-

grouped K3 axes that are concentrated in the southeast quadrant (average azimuth = 136.6º) with 

steep plunges (average plunge = 80.7º). In situ AMS results for member B have well-grouped K3 

axes concentrated in the southwest quadrant (average azimuth = 221.8) with steep plunges 

(average plunge = 81.2º). AMS data at HRT1 show a very well-developed foliation plane that dips 

east-northeast in the source direction. In situ K3 axes are concentrated in the southwest quadrant 
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(average azimuth = 252.2º) with steep plunges (average plunge = 80.8º). The AMS data corrected 

for orientation of compaction fabrics principal susceptibility axes are slightly more scattered, but 

still maintain a well-developed foliation plane. Corrected HRT1 K3 axes are concentrated in the 

northwest quadrant (average azimuth = 325.9º) with steep plunges (average plunge = 85.7º). AMS 

data at HRT1, specimens as interpreted from K1 and K3 axes indicates a southwestward flow with 

foliation planes dipping very gently northeastward.  

Because the source areas (calderas) for each of the different members of the HRT are well-

established; generalized flow directions for these sites can be assumed to be south to southwest 

from the sources to the north-northeast (Christiansen, 1979; Reynolds, 1977). AMS results for 

member B are more consistent with this on the basis of in situ results, and footwall AMS results 

are only consistent with these results once tilt correction has been applied. As addressed above 

data from HRT2 and HRT3 results are inconsistent with established flow directions. 

 

Next Page: Figure 4.14: In situ orthogonal demagnetization (Zijderveld, 1967) diagrams of 
magnetic vector components from members A and B of the HRT from all localities. Solid circles 
represent the horizontal projection of the magnetic vector and open circles the vertical projection. 
For the equal area plots, positive inclination is represented by solid circles and negative 
inclinations by open circles. Diagrams from specimens that underwent AF demagnetization 
followed by progressive thermal demagnetization are on the left and just progressive thermal 
demagnetization on the right. Red titles and data points indicate that the datum is suspicious when 
compared with directions of magnetization from previous studies. 
 
Beginning on Page 65: Figure 4.15: Orthogonal demagnetization (Zijderveld, 1967) diagrams of 
magnetic vector components corrected for local orientation of compaction fabric from members A 
and B of the HRT from all localities. Solid circles represent the horizontal projection of the 
magnetic vector and open circles the vertical projection. Within the great circle plots, positive 
inclination is represented by solid circles and negative inclinations by open circles. Diagrams from 
specimens that underwent AF demagnetization followed by thermal demagnetization are on the 
left and just progressive thermal demagnetizations on the right. Red titles and data points indicate 
that the datum is suspicious when compared with directions of magnetization from previous 
studies. 
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Figure 4.14 continued 
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Figure 4.14 continued 
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Figure 4.14 continued 
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Figure 4.14 continued 
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Figure 4.14 continued 
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Beginning of Figure 4.15 
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Figure 4.15 continued 
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Figure 4.15 continued  
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Figure 4.15 continued  
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Figure 4.15 continued  
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Figure 4.15 continued  
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Figure 4.16: Equal area projections of in situ and tilt corrected site mean directions. 
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Figure 4.16 continued 
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Table 4.4: Paleomagnetic data and Statistical Parameters 
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CHAPTER 5 

DISCUSSION 

5.1 Timing and Degree of Deformation 

The paleomagnetic data from the Hog Hollow Road locality, as summarized in Table 4.4 

and Figure 4.15, are interpolated to suggest that the acquisition of remanence for both the 

hanging wall and footwall rocks of HRT member A at the Hog Hollow Road locality (HHR_H 

and HHR_F, respectively) took place after any form of internal disruption of these rocks. The in 

situ ChRM directions are considerably more similar in direction to the HRT ChRM data reported 

in previous studies. The shift in ChRM inclinations from shallow (<10º), similar to expected 

values, to moderate negative inclination values (approximately -30º to -40º) implies that the 

correction applied to the data based on compaction fabrics measured in the field is inappropriate. 

The observed compaction fabrics are thus not indicative of the paleo-horizontal at the time of 

remanence acquisition. However, in situ site mean directions are of very shallow positive 

inclination, where a shallow negative inclination is expected, and this more subtle difference 

might indicate syn-emplacement-tilting. The data from this locality need some degree of tilt-

correction to restore the site mean direction to a value that is identical to the ChRM reported in 

previous studies, but not to the degree measured in observed compaction fabrics. Comparison of 

differences in hanging wall and footwall inclinations suggests that the tilt corrections used were 

more applicable in the footwall, because inclinations deviate from the expected shallow 

inclinations by a lesser amount. However, the tilt-corrected site mean inclination is still more 

moderate in value, suggesting that deformation within the footwall occurred along with or post 

acquisition of remanence. The data collected from both the hanging wall and footwall show a 
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very slight deviation in site mean directions. The hanging wall has mean in situ remanence 

directions of Dg = 195.3º and Ig = +10.2º and the footwall Dg = 208.1º and Ig  = +4.6º. The tilt 

corrected site mean direction for hanging wall rocks is Ds = 197.5º and Is  =  -29.1º and the 

footwall mean tilt corrected direction is Ds =  206.2º and Is =  -13.1º. The results of all sample 

directions for this locality shows that the directions of remanence are well-grouped in the south-

southwest quadrant with in situ α95 = 4.0º and tilt corrected α95 = 4.2º (Figure 4.15, HHR F&H). 

No evidence at present suggests that this fold is an overturned rheological feature or that both 

sides of the fold were remagnetized but remanence acquisition after internal deformation. The 

evidence collected in this study strongly indicate that this site is not an overturned fold.  

Site mean directions from HRT2 and HRT3 in vitrophyre of member A of HRT indicate 

that for these sites tilt correction are necessary to achieve established HRT ChRM directions. In 

situ site mean directions of magnetization are of southwest declination and moderate 

inclinations, but have shallow inclinations after tilt correction. This preliminary data indicates 

that these two sites acquired magnetizations while compaction fabrics were near horizontal and 

that deformation occurred at temperatures <580ºC. Further investigations of specimens from 

these sites are needed before the timing of deformation can be accurately deduced. The PCA 

results from rocks of the Bitch Creek locality may also indicate that the applied corrections are 

necessary; however the the corrections at this site are very small (maximum dip value 17º). BC5 

provided very few specimens and many specimens exhibit very suspicious directions, which 

result in completely unacceptable statistical determination of site mean directions (α95 = 29.9º for 

in situ and tilt corrected directions of remanence). The sampling site used to gather this data is a 

road cut in which much of the outcrop was concealed, sampling of out-of-place blocks could 
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explain the suspicious data obtained at this locality. Further investigations of additional samples 

from this locality are needed before timing of deformation can be accurately deduced. 

5.2 Tilt Tests 

In situ magnetizations were restored to their assumed paleohorizontal by back tilting 

eutaxitic fabrics to zero dip about their present strike. Most site mean directions for HRT 

members A and B show a decrease or no change in dispersion once correction for orientation of 

compaction fabric was applied, with the exception of the combined site mean directions for the 

hanging wall and footwall rocks (labeled HHR_F&H) at the Hog Hollow locality, which saw an 

increase in dispersion. (Table 4.4 and Figure 4.15). McElhinny (1963) kappa ratio fold tests were 

conducted, in which the estimated Fisher concentration parameters from in situ (kg) and after tilt 

correction (ks) are compared (McElhinny, 1963). The test results in all the kappa ratios are less 

than the desired value for both the 95% and 99% limit, meaning that the fold test is insignificant 

at those levels (McElhinny, 1963) (Table 5.1). The direction correction tilt test of Enkin (2003) 

and the optimum degree of unfolding test from Watson and Enkin (1993) were also used to 

determine the degree of untilting. The tests yielded indeterminate results for all members of the 

HRT and for all localities (Figure 5.1). The direction correction tilt test yielded excessive 

deviations from the direction correction slope, with deviations ranging from 11.47% to 168.96%. 

The ambiguous results could be the result of syn-emplacement-tilting, the combination of pre- 

and post-tilting, eutaxitic fabric orientations that are not sufficiently different or pre-tilting 

remanence that has been strain deformed (Enkin, 2003). The optimum untilting shown in the 

Watson and Enkin (1993) tests shows significant deviations from analytical maximum, with 

deviations from 24.0% to 88.8%. The indeterminacy displayed in Figure 5.1a is likely the result 
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of an incomplete separation of pre- and post-tilt magnetization components, because this 

involves both members A and B from all localities. Similarly, the Hog Hollow Road locality’s 

(Figure 5.1c) indeterminacy is likely the result of syn-emplacement magnetization acquisition or 

incomplete separation of pre- and post-distortion components. This study favors the former 

rather than the later based on the results of the PCA analysis discussed above. Interestingly, data 

from member A, including samples from the Hog Hollow locality, and sites HRT2 and HRT3, 

are too scattered for accurate results, but the Watson and Enkin (1993) test indicate that the 

maximum degree of untilting is very near 100% (Figure 5.1b). This indicates that remanence was 

acquired pre-distortion, but due to the scattered nature of the data this interpretation is tenuous. 

Figure 5.1d also results in an indeterminate assessment; this result likely reflects the fact that the 

structure is too small or the deformation/tilt is insignificant for this treatment to accurately 

measure the degree of unfolding. 

Table 5.1: McElhinny Ratio Calculations 

 



82 
 

 
Figure 5.1: Tilt test resulting figures. Enkin (2003) direction-correction tilt test (left) and Watson 
and Enkin (1993) optimum degree of unfolding test (right). All tests had indeterminate results. 
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CHAPTER 6 
 

CONCLUSIONS 
 
 

Paleomagnetic data obtained in this study indicate that both members A and B of the HRT at 

exposures in southeast Idaho yield predominantly south-southwest declination and shallow 

inclination magnetization directions that are consistent with previous paleomagnetic 

investigations (Reynolds, 1977; Anders et al., 1989; Byrd et al., 1994; Geissman et al., 2010). 

The magnetic mineralogy of the HRT is dominantly low-Ti magnetite and maghemite, but also 

includes lesser amounts of titanomagnetite, hematite, and ilmenohematite. Data from the Hog 

Hollow locality do not show significant differences in in situ site mean directions for rocks 

above and below the fault zone exposed at this location, providing evidence to support the 

hypothesis that this locality is not an overturned fold. Site mean directions corrected for 

compaction fabrics in these rocks above and below the fault zone deviate from one another by a 

greater amount than the in situ site mean directions, but the deviations are not significant enough 

to provide evidence to contradict this hypothesis. Furthermore, the PCA analyses and tilt tests 

suggests that acquisition of remanence at this locality likely occurred soon after or associated 

with deformation and acquisition of compaction fabrics in the footwall, but that deformation 

occurred at elevated temperatures in the hanging wall while the HRT was still above 580ºC and 

thus prior to acquisition of magnetization. Preliminary analyses of data from the Bitch Creek 

locality indicate deformation at temperatures >580ºC, but the Hog Hollow Road sites HRT2 and 

HRT3 may indicate deformation at temperatures <580ºC and/or syn-acquisition-tilting. Further 

sampling and data are needed for an accurate determination of timing of deformation at the Bitch 

Creek locality, HRT2, and HRT3. 
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APPENDIX 

ARM, IRM, and NRM demagnetization curves 

Figure A.1: Normalized comparison of ARM, IRM, and NRM demagnetization curves. Results 
are inconclusive for all but specimens from HRT1. 
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Figure A.1 continued 
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