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Anisotropy of magnetic susceptibility (AMS) has been widely used to define petrofabrics in
silicic, elevated-temperature pyroclastic deposits (i.e., ignimbrites) and these fabrics have been
successfully utilized to infer pyroclastic emplacement, or transport, directions in many cases.
Selected exposures of the Quaternary Bandelier Tuff, exposed in the Jemez Mountains, New
Mexico, have been studied to systematically compare anisotropy of remanence (mainly
anhysteretic remanent magnetization, AARM) with AMS data from the same sites. In addition,
as part of a broad study to understand the Neogene history of deformation associated with a
displacement transfer system in the western Great Basin, paleomagnetic and magnetic fabric data
have been collected from ignimbrites that originated from the Timber Mountain Caldera

complex, active from about 14 to 11.5 Ma. Here, AMS and AARM are compared for 21 (9-12



samples per site) sites in the Quaternary Bandelier Tuff, and 15 (9-10 samples per site) sites in
Timber Mountain ignimbrites, with each chosen to examine the effects of varying degrees of
welding and crystal content on the fabrics obtained. The relationships between AARM and
AMS fabrics for the selected sites are not uniform, and include normal, intermediate, reverse,
and oblique fabrics. The differences may be controlled by the degree of welding and/or crystal
content, which requires further explanation. Ultimately, the fabrics identified in both suites of
rocks are compared with anisotropy of isothermal remanent magnetization (AIRM) data, along

with other rock magnetic data, to more fully evaluate the domain state control on the fabrics.
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CHAPTER 1

INTRODUCTION

Pyroclastic deposits, in particular elevated temperature pyroclastic density currents
(PDCs) commonly refered to as ignimbrites, have been extensively studied to understand their
emplacement processes, degree of welding, transport directions, and deposited fabrics including
magnetic fabrics (Sparks et al, 1976; Wilson et al. 1982; Incontro et al. 1983; Knight et al. 1986;
Palmer et al. 1996; Palmer and MacDonald 1999; Ort et al. 2003; Petronis and Geissman 2009;
Agro et al. 2014). Anisotropy of magnetic susceptibility (AMS) is a relatively fast, quantitative
method of investigating magnetic fabrics of rocks and has been used extensively to
independently estimate the flow axis and thus source directions of ignimbrites, especially distal,
out-flow facies (Ellwood, 1982; Macdonald and Palmer 1990). Anisotropy of remanence studies,
which are more time-consuming, are far less commonly used to evaluate ignimbrite fabrics, yet
they have the potential to provide more useful information on the grain size variations and shape
distribution of the ferri/ferro magnetic population of oxide grains, and thus to a large degree what
actually controls an AMS fabric (Hargraves et al. 1991; Jackson, 1991; Stephenson et al 1986;
Martin-Hernandez 2004; Potter 2004). To provide an improved understanding of magnetic
fabrics in ignimbrites, samples from the Quaternary Bandelier Tuff, exposed in the Jemez
Mountains, New Mexico, have been collected to systematically compare anisotropy of
remanence (mainly anhysteretic remanent magnetization, AARM) with anisotropy of magnetic
susceptibility (AMS) data from the same sites. In addition, magnetic fabric data have been
obtained from Miocene ignimbrites in western Nevada as part of a study to understand the

Neogene history of deformation related to a displacement transfer system in the western Great



Basin, near the south part of the Walker Lane belt, Esmeralda County, Nevada. The relationship
between AMS and anisotropy of remanence fabrics in these rocks offers insight into which
approach provides data that are more indicative of actual emplacement related fabrics and a
measure of anisotropy controlled by the magnetic oxides and overall petrofabric. AARM data
can be advantageous when compared to AMS results, as remanence is typically more sensitive to
mineral grains with higher degree of anisotropies (i.e., ferro/ferrimagnetic minerals) (Jackson
1991; Ferre 2002; Muxworthy et al. 2004; Potter 2004; Borradaile et al. 2010). The primary
objective of studying the two suites of ignimbrite sheets of different ages and very different
geologic settings is to develop a more comprehensive knowledge of how anisotropy of
remanence defines the biasing alignment of ferro/ferrimagnetic mineral grains in ignimbrites.
AMS, AARM, and anisotropy of isothermal magnetization (IRM) fabrics as well as saturation of
IRM (SIRM), backfield demagnetization of SIRM and magnetic susceptibility as a function of
temperature (x vs T) data are compared for selected parts of each tuff sequence that exhibit a
broad range of welding textures, crystal content, density and other features. The combination of
approaches allows for a more accurate estimate of particle alignment and therefore an

understanding of the fabrics and transport direction of the ignimbrites.



CHAPTER 2

REGIONAL GEOLOGY AND HISTORY

2.1 Jemez Volcanic Field, New Mexico
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Figure 2.1. Regional map of the Rio Grande Rift localized near the Jemez
Mountains.



The Quaternary Bandelier Tuff is a well-known, exceptionally well-exposed ignimbrite
sequence consisting of two principal eruptive members, exposed in the Jemez Mountains, New
Mexico (Smith and Bailey, 1966; Potter and Oberthal 1987; Turbeville and Self 1988;
MacDonald and Palmer 1990; Spell et al. 1990; Broxton and Reneau, 1995; MacDonald and
Palmer 1990; Gardner and Goff 1996; Gardner et al. 2007; Phillips et al. 2007; Goff 2014). This
study concentrates on exposures in an area near Los Alamos National Laboratories (LANL),
located on the Pajarito Plateau east of the Valles Caldera. The Jemez Mountains are situated on
the western margin of the Rio Grande rift, west of the Espanola Basin and north of the
Albuquerque Basin, and are bounded on the west side by the Colorado Plateau (Figure 2.1). The
Rio Grande rift is a lithosphere scale feature that separates the Colorado Plateau from the craton
interior. The rift includes four basins that are separated by right-stepping echelon faults that
caused rift deformation from the mid-Miocene to the Quaternary (Chapin and Cather, 1996;
Harlan and Geissman 2009). The Bandelier Tuff originated from two calderas in the Jemez
Mountains, and has been extensively studied for many purposes, including paleomagnetism and
magnetic fabrics. AMS data were reported by MacDonald and Palmer (1990) from relatively
undisturbed (no observed rotations) outflow facies exposures of the Bandelier Tuff near the
Valles Caldera to test the hypothesis that AMS fabrics could be used as a reliable indicator of
emplacement transport directions. There has been no previous anisotropy of remanence work

reported on the Bandelier Tuff.

The Bandelier Tuff is divided into two separate members associated with the collapse of
the two major calderas, as described below. Both members were erupted during the Matuyama

reverse polarity chron. The older member is the Otowi Member (~ 1.61 Ma) was erupted from



the Toledo caldera, and it is overlain by the Cerro Toledo interval of tephras and volcaniclastic
deposits, which are interpreted as a distinct unit from the Bandelier Tuff (Figure 2.4). The
Tshirege Member of the Bandelier Tuff (~ 1.25 Ma) was erupted from the well-preserved Valles
Caldera and consists of multiple cooling units (Doell, Dalrymple, Smith and Bailey, 1968;
Bailey, Smith, and Ross, 1969; Phillips et al., 2007). The Bandelier Tuff thus consists of two
temporally distinct ignimbrite deposits, each of which is divided into several sub-cooling units
defined by differences in physical properties both vertically and laterally and with distance away
from source calderas. Physical variations in the deposits are due to the progressive temperature
loss during eruption, transport, and emplacement of the PDC and results in characteristics that
differ proximally versus distally from the source (Crowe, 1978; Broxton and Reneau, 1995). The
different cooling units of the Tshirege Member are very well exposed on the Pajarito Plateau,
which slopes at a very gentle angle to the east-southeast and consists of a series of protruding
mesas with deeply cut canyons that incise into the eastern rim of the Valles Caldera (Crowe et al,
1978). A single ignimbrite cooling unit is defined as the deposit of an ash-flow or sequence of
ash flows that cooled as a single deposit with an uninterrupted cooling history (Smith, 1960a),
such as the Otowi Member. A compound cooling unit, such as the Tshirege Member of the
Bandelier Tuff, results from emplacement of successive packages that are attributed to an
interrupted cooling history dividing the deposit into several distinct cooling units or intervals

(Crowe, 1978; Sussman et al., 2011).
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For this project and because of the overall nonwelded to poorly welded nature of the
Otowi Member, only the Tshirege Member was sampled (Figure 2.2 and 2.3). The Tshirege
Member is a compounded cooling unit succession of four very distinct ignimbrite cooling units
(Figure 2.4). The overall stratigraphy of the Tshirege Member has been described by many
authors (e.g., Smith and Bailey 1966, Baltz et al. 1963, Crow et al. 1978, Vaniman and Wohletz
1990; 1991, Goff 1995, and others), but with a lack of consistent nomenclature. Here | use the

nomenclature of Broxton and Reneau (1995) and the more recent mapping of (Gardner et al.



1999) to be consistent with the most recent literature. The cooling units are defined by surface-
weathering patterns, welding features, and crystallization characteristics (Broxton and Reneau,
1995). The Tshirege Member overlies the Cerro Toledo interval with its base being the Tsankawi
Pumice Bed, a basal pumice fall that can be 20-100 cm thick. The Tshirege Member eruptive
volume is about 250 km®, and on the Pajarito Plateau, the Tshirege deposits have typical
thicknesses of ~300 m, with local thicknesses of the Bandelier Tuff on the Pajarito Plateau up to

~1000 m (Sussman et al., 2011).

“The oldest Tshirege Member cooling unit is subdivided into two subunits, Qbt 1g
(Quaternary-Bandelier-Tshirege 1 g = glassy) and Qbt 1v (Quaternary-Bandelier-Tshirege 1 v =
vapor-phase crystallized tuff). Qbt 1g is characterized by abundant volcanic glass, lack of
welding, and a light gray vitreous, pumice lapilli supported by a matrix of coarse ash, shards
pumice fragments, and abundant (12-16%) quartz and sanidine phenocrysts (Broxton and
Reneau, 1995). The top of unit 1g becomes more consolidated and forms a cliff-forming bench
that marks the gradational transition between Qbt 1g and Qbt 1v. The base of Qbt 1v is a
resistant orange to brown tuff that overlies the bench of Qbt 1g. Qbt 1v is further subdivided into
two units (Qbt 1v-c, c=Colonnade) and (Qbt 1v-u, u= Upper). The colonnade tuff forms cliffs
that are 3-10 meters high and are distinguished by vertical fractures. It consists of chocolate-
brown to dark-purple gray pumice relicts with a matrix that is pinkish-white to light-gray and the
pumice makes up 30-50% of the rock, whereas the upper forms a distinctive nonwelded grayish-
white band of tuff that consist of light gray to medium gray pumice relicts with light gray matrix.

Pumice makes up 30-50% of the rock (Broxton and Reneau, 1995).



Cooling unit 2 is a cliff forming, thick ash-flow tuff that is the most strongly welded unit
of the Tshirege Member. It is characterized by gray to brown pumices that are smaller and less
abundant (2-15%) in comparison to the underlying unit and those are supported by a light pink-
tan matrix and lithic fragments are rare (<1%).. Crystals are more abundant than in unit 1 (17-
32%) with coarse crystals of tridymite, quartz, and sanidine. A surge bed at the lower part of
unit 2 is used to define the base from the top of Qbt 1v-u (Broxton and Reneau, 1995). The unit
is mostly prominent in the eastern parts of Los Alamos and the unit disappears towards the

western part (Gardner et al. 1999).

The contact between Qbt 2 and the overlying cooling unit Qbt 3 is abrupt and indicates a
significant change in the degree of welding of the ignimbrites. The base of unit 3 is characterized
by a nonwelded whitish colored tuff in comparison to the underlying strongly welded unit 2
(Broxton and Reneau, 1995). The upper part of Qbt 3 contains gray-brownish pumice relicts,

abundant crystals and welding increases up section.

Qbt3t is further divided by Gardner et al. 1999 as a transitional unit between Qbt3 and the
lower part of Qbt4. This unit is only mapped in the western parts of the laboratory area and
pinches out toward central and eastern parts of the laboratory. Its thickness ranges from 0 to 35
feet in thickness. It is a very densely welded unit with a 20 to 30% crystal population, and is
commonly separated by the overlying Qbt4, by a two feet thick, crystal rich surge deposit

(Gardner et al. 1999).

Qbt 4 is not as prominent on the Pajarito Mesa, especially in the eastern LANL areas where it is

likely missing due to erosion. It is a very distinctive unit as it consists of crystal rich pyroclastic
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surge beds overlain by pumice poor ignimbrites. The surge beds are prominent at the base of Qbt
4 and can be up to 15 cm thick with characteristic planar and low-angle cross beds (Broxton and
Reneau, 1995). Qbt 4 is most easily distinguished from the other three underlying units by the

lack of relict pumice (<5%) and lack of crystals (~8%)” (Broxton and Reneau, 1995).

2.2 Western Great Basin, Gold Point Area

The Gold Point area, southwest Nevada, is located in Esmeralda County in the western
Great Basin. The area includes the east-west oriented Gold Mountain-Slate Ridge (GMSR)
topographic features and is south of Lida Valley (Figure 2.5). The GMSR area includes
exposures of several Cenozoic ignimbrite units that have been subsequently deformed as a result
of mid-Miocene and younger faulting (Figure 2.6) (Weiss et al., 1993). The ignimbrites
examined in this study are being investigated in a broader study, using paleomagnetic methods,
to understand the history of deformation associated with the development of a transfer system at
the southern end of the Walker Lane Belt in the western Great Basin that was active from the
mid-Miocene to the mid-Pliocene. The transfer system is bounded on the west side by the
Furnace Creek fault system and on the eastern side by the southern Walker Lane fault system.
During the mid-Miocene, major caldera forming eruptions resulted in the southwest Nevada
volcanic field (SWNVF) (Sawyer et al. 1994). Much of the area studied is covered by
ignimbrites that originated from the Timber Mountain Caldera complex, active from ca. 14 to
11.5 Ma (Figure 2.7) (Sawyer et al. 1994). The Neogene sequence of volcanic rocks in the

GMSR area rests in either fault-contact or depositional contact on pre-Cenozoic rocks, mainly
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Figure 2.5. Simplified map showing the location of Gold Point/Slate Ridge area relative to
neighboring cities.

Cambrian and Precambrian metasedimentary rocks and the Jurassic age Sylvania pluton. The
GMSR area, northwest of the SWNVF, exposes numerous east-west trending faults that were

active prior to 7.5 Ma (Weiss et al., 1993).

The Neogene sequence of volcanic rocks includes numerous ash-flow tuffs and intercalated
conglomerate and fanglomerates deposits (Weiss et al., 1993). The stratigraphically oldest
ignimbrite is the Tuff of Mount Dunfee (~16.8 Ma), which is overlain by at least eight additional

ash-flow tuff sheets (Figure 2.6). The stratigraphically youngest, and least deformed, ignimbrite
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is the Stonewall Flat Tuff (~7.6 Ma) (Weiss et al., 1993), which consists of two members. The

most well-exposed and voluminous ignimbrites are part of the Timber Mountain Tuff group,

which include the Rainier Mesa (~11.6 Ma) of reverse polarity and the Ammonia Tanks

members (~11.4 Ma) of normal polarity (Orkild 1965 and Bath 1968).

Rhyolite domes of Mount Jackson
Spearhead and Civet Cat members,

Stonewall Flat Tuff (~7.6 Ma) Sites: 201, 202,206
[new 40Ar/39Ar age determinations: 241,242, 292

<\7.523+I-0.010 Ma; 7.648+/-0.009 Ma]
angular unconformity

[ local basalt flows
+ above conglomerate and fanglomerate

Ammonia Tanks Member, Sites: 48, 219, 255,
Timber Mountain Tuff (~11.4 Ma) 285, 306
*local conglomerate and fanglomerate
Rainier Mesa Member, Timber Mountain Tuff
(~11.6 Ma) [new 40Ar/39Ar age determinations: Site: 86
11.509+4/-0.018 Ma; 11.548+/-0.012 Ma;
11.714 +/- 0.016 Ma; 12.028 +/- 0.017 Ma ]
Tuff of Sphinx Canyon
«local conglomerate and fanglomerate, pumice and lithic tuff
Tuff of Tolicha Peak (~13.9 +/- 0.3 Ma)
+*local conglomerate
Tuff of Gold Coin Mine (~ 15 Ma)
Tuff of Oriental Wash (~15 Ma)
[new 40Ar/39Ar age determinations: Sites: 06, 63,
15.718 +/- 0.014 Ma; 15.717 +/- 0.030 Ma]
«local conglomerate
Tuff of Mount Dunfee (~16.8 Ma)
[new 40Ar/39Ar age determinations:
16.281 +/- 0.024 Ma; 16.310 +/-0.013 Ma]

O olivine basalt
A hornblende-biotite andesite

Site: 19

Sylvania pluton (Jurassic)

=+ Cambrian and Precambrian metasedimentary rocks

Figure 2.6. Summary of Neogene stratigraphy and depositional relations of the Gold
Mountain-Slate Ridge Area (Prepared by J.W. Geissman, 2013, personal communication)

The Tuff of Mount Dunfee is a crystal rich ignimbrite sheet with abundant biotite and is

exposed in the northern area of Slate Ridge (Weiss et al., 1993). The Tuff of Mount Dunfee is
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overlain by the tuff of Oriental Wash, the tuff of Gold Coin Mine, the tuff of Tolicha Peak, and
the tuff of Sphinx Canyon, all of which are not well exposed in this general area and their vent
sources are poorly known (Weiss et al., 1993). The two principal ignimbrites of the Timber
Mountain Tuff, the Rainier Mesa and Ammonia Tanks members are well dated and are sourced
from the Timber Mountain Caldera complex (Sawyer et al, 1990 &1994; Worthington, 1992).
Both members contain abundant crystals of quartz, sanidine and plagioclase. The Ammonia
Tanks Member is distinguished by the presence of sphene and is of normal magnetic polarity,
and Rainier Mesa is of reverse polarity (Bath. 1968; Byers et al. 1968; Weiss et al., 1993). Both
the Civit Cat and Spearhead members of the Stonewall Flat Tuff was erupted from the Stonewall
Mountain volcanic center and is characterized by sanidine crystals that are elongate and tabular,

and platy pumice fragments (Nobel et al. 1984; Weiss et al., 1993).
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Figure 2.7. Map of Gold Mountain/Slate Ridge (GMSR) area relative to Timber Mountain

(TM), Stonewall Mountain (SM)

and sampling locations used in this study.

2.3 Pyroclastic Density Currents

Ignimbrites are deposited by ground-hugging pyroclastic density currents (PDCs), dense

gravity currents that are mixtures of pyroclastic particles and gas (Sulpizio et al., 2014). The
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process of PDC emplacement has been well documented by many workers over the last few
decades, albeit nomenclature and processes are not always agreed upon (Smith 1960; Sparks
1976, 1979; Wilson and Walker 1982). In the 1970’s and 80’s, ignimbrites were thought to have
originated from an idealized pyroclastic flow that consisted of a inflated fluidized head or cloud,
followed by a more dense laminar body or tail and when deposited formed the “standard
ignimbrite flow unit” consisting of lithologically different layers (Sparks et al, 1973; Wilson and
Walker 1982; Branney and Kokelaar 2002). PCDs have previously been subdivided into
pyroclastic flows and surge deposits based on the amount of particle concentration and turbidity
of particle transport, but it is now generally accepted that PDCs no longer require such a
differentiation due to large variations of particle concentration, varying over space and time, and
processes can differ vertically and laterally with regards to PDC transport and deposition
(Valentine 1987; Branney and Kokelaar 2002; Burgisser and Bergantz 2002; Ort 2014). Many
workers characterize models for recent large-volume PDC’s (e.g. those sourced from the Valles
Caldera and Toba Caldera) transport and depositional systems with various particle
concentrations, volumes and velocities, however these models do not simultaneously share
characteristics for both the depositional system and the transport system (flow from the vent)
(Ort et al., 2015). Traditionally interpretation of the flow dynamics of depositional systems are
made by looking at the distribution of the bedded units and their associated texture and structure
features (i.e., orientations of shards or fiamme) (Fisher 1990). However, the most common way
to analyze the stratigraphy and flow direction of ignimbrites is determined by either thermal

demagnetization or anisotropy of magnetic susceptibility (AMS) (Fisher 1993). AMS is an
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effective technique to relate the fabrics of ignimbrites to the depositional and transport processes

of the PDCs (Baer et al., 1997; Ort et al., 2015).
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CHAPTER 3

ANISOTROPY OF MAGNETIC SUSCEPTIBILITY AND MAGNETIC REMANENCE

3.1 Anisotropy of Magnetic Susceptibility

The application and interpretation of anisotropy of magnetic susceptibility (AMS) data
have been the focus of numerous investigations since the first observations of AMS in natural
samples by Ising (1942), and it has been over sixty years since Graham (1954) fist published a
paper on the “Magnetic susceptibility anisotropy measurements of rocks,” where AMS was first
introduced as a rapid and sensitive petrofabric tool. Prior to AMS being exploited as a tool for
petrofabric analysis, orientation distributions of minerals were commonly observed in thin-
section inspection and petrofabrics could be interpreted via microscopic means. AMS is a
relatively quick and practical way to make petrofabric measurements and detect preferred
orientation of minerals in igneous, metamorphic and sedimentary rocks (Hrouda, 1982; Jezek
and Hrouda, 2004). Paramagnetic and ferro/ferrimagnetic (s.l.) grains may acquire preferred
orientations in rocks (e.g., resulting in a magnetic fabric) through geologic processes such as
particle deposition in an aqueous environment, lava or magma flow, and ductile penetrative
deformation, therefore making AMS a useful quantitative tool because it is sensitive enough to
measure in most rock types (Jezek and Hrouda 2004). Low-field AMS rapidly detects all the
contributions from rock-forming minerals (e.g., diamagnetic, paramagnetic, and ferro/ferri-
magnetic (s.l.) minerals) that make up the low-field susceptibility of a rock (Jackson and Tauxe
1991; Jackson 1991). AMS is based on the linear relationship between the magnetization and

magnetizing field at low fields; that results in a field-independent susceptibility measured in
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weak fields of average 300 A/m, as measured on Kappabridge susceptibility instruments
manufactured by AGICO (Pokorny 2004), which have revolutionized the ease and speed with

which measurements are made in the laboratory.

Ignimbrite is defined as the rock or deposit formed from pyroclastic (high temperature)
density currents generated during one eruption, where one unit is formed from a single
pyroclastic deposit, and ignimbrites may be composed of several pyroclastic deposits (Sparks
1976). Many workers have used AMS as a tool to study volcanic processes (e.g., ignimbrite
emplacement), with many studies showing the internally consistent, reproducible character of
relatively rapidly obtained data sets (Ellwood 1982, Incontro 1983, Knight 1986, MacDonald
and Palmer 1990, Fisher 1993, Cagnoli and Tarling 1997, Le Pennec 1998, Palmer and
MacDonald 1999, Ort 2003). The magnetic mineral (i.e., magnetite, maghemite, titanomagnetite)
crystals in ignimbrites affect the intensity of the AMS fabric by magnetocrystalline anisotropy

(crystallographic direction) or by shape anisotropy (Hargraves et al. 1991).
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Table 3.1. AMS Parameters Measured, adopted from Winkler et al. 1997

Parameter Formula Reference
Mean Susceptibility Km = (K1 + Ko+ K3)/3 Jelinek (1981)
Degree of Anisotropy (P) P = (K1/K3)
Lineation (L) L = (K1/K>)
Foliation (F) F = (K2/Ks)
Shape Factor (T) T=2m—-n1—-n3/Ni—ns

T(-12T21)

T > 0 = oblate fabric
T < 0 = Prolate fabric

K1, maximum; K, intermediate Ni=InKin2=InKzns=InKs N1, N3, N3: the
K3, minimum susceptibility axes. natural logs of the

susceptibility axes

Magnetic susceptibility, K, can be defined as M = [K] x H where M is the induced
magnetization and H is the magnetic field where M and H are expressed in amperes per meter
(A/m). K is dimensionless and expressed as a second rank tensor in Sl units. Mass susceptibility
isy = K/p and is expressed in cubic meters per kilogram. AMS data are expressed as triaxial
ellipsoids, where the values of the axes are denoted by maximum (K3), intermediate (K2), and
minimum (K3) axes respectively, and bulk susceptibility can be calculated by K = (K1 + Ko+
K3)/3 (Ellwood 1982). The magnetic fabric of a bulk rock is characterized by anisotropy factors
that describe the character and magnitude of the AMS, and include the most simple fabrications

magnetic lineation, magnetic foliation and anisotropy degree which, are L = Ki/K», F = K2/K3,
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and P = K1/K3, respectively (Table 3.1) (Jelinek 1981). The shape of the mineral grains also is
characterized qualitatively by the shape factor or T, where mineral grain is oblate at +1 or prolate
at -1, which generally controls the shape of the AMS susceptibility ellipsoid (Figure 3.1)
(Borradaile 2001). In moderately to well-welded ignimbrites, AMS is controlled by the
alignment of magnetic minerals, where some workers have reported that the K axis generally is
aligned roughly parallel to the direction of flow and lies in the plane that is normal to the
direction of major compaction (Ellwood 1982; MacDonald and Palmer 1990; Fisher 1993). This
is commonly the case with ignimbrites where these rocks normally exhibit a strong oblate fabric,
with the magnetic foliation essentially normal to the flattening direction (Quane and Russell
2005). Other studies have proffered the argument that it is the orientation of the magnetic
foliation plane that is more useful as defining the transport direction of PDCs, in that the
foliation plane for an outflow facies deposit will be imbricated relative to the paleohorizontal,
and that the minimum principal susceptibility axis (K3) will be skew to the vertical and point in

the direction of transport (Incoronato et al. 1983; Le Pennec et al. 1998; Geissman et al. 2010).
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Figure 3.1. TOP - AMS susceptibility ellipse defining principal susceptibility axes (K1, Kz,
and Kz tensors) and typical shapes associated with anisotropic ellipsoids; modified from
Winker, et al., 1997; and Wack, 2012.

BOTTOM - Imbrication of a theoretical ignimbrite fabric and associated lower hemisphere
stereographic projection of the K1 and K3 axes plotted as black filled squares and circles
respectively. Colored shapes represent mean susceptibilities and 95% confidence intervals,
modified from (Mason 2011).

3.2 Anisotropy of Magnetic Remanence

The measurement of the anisotropy of magnetic remanence (AMR) differs from that of
the AMS, in that only ferro/ferrimagnetic (s.l.) minerals contribute to the magnetic fabric e.qg.,
(Jackson, 1991), and thus the shape distribution of the magnetic phases may have a strong
control on the AMR fabric. AMR studies can involve different types of laboratory induced
remanent magnetizations, including TRM (thermal), DRM (detrital), ARM (anhysteretic), IRM
(isothermal), or GRM (gryo) which are remanent magnetizations that are artificially imparted in
the lab (Jackson 1991; Martin-Hernandez et al. 2004). Similar to AMS, AMR is represented by
a magnetic ellipsoid with three principal remanence susceptibility axes. Determining a
remanence tensor involves magnetizing a specimen repeatedly, in a set of prescribed
orientations. In this study, specimens were magnetized in 15 different independent orientations
for anisotropy of ARM measurements (AARM). This processes is inherently longer than
measurements of AMS (minutes versus 1 hour for AARM) measurements, however AMR
methods are becoming increasingly more useful to aid in interpretation of AMS data when
interactions between ferro/ferrimagnetic (s.1.) grains occur or when the dominant magnetic
phases are highly elongated particles that contribute to the AMS (Ferre 2002; Potter 2004;

Borradaile et al. 2010). Normal AMS/ARM fabrics are denoted by K is parallel to the long axis
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and Ks is parallel to the short axis, however inverse fabrics in AMS arise as a result of samples
of primarily single domain (SD) magnetite grains that have the K parallel to the short axis and
Ks is parallel to the long axis (Ferre 2002). Rochette et al. (1992, 1999), document non-standard
relationships in magnetic fabrics using AMS, particularly inverse and intermediate interactions
between the paramagnetic and antiferromagnetic minerals, and (single-domain) SD magnetite or
maghemite that have the minimum susceptibility axis, Ks, aligned with the preferred long axis.
Experiments in the late 1980’s demonstrated that the susceptibility anisotropy is largely particle
size dependent, specifically when dealing with strong magnetic minerals, such as elongated
magnetite particles when large enough i.e., (MD), align with the K; axis. Conversely, when
smaller as in (SD) particles, the K1 susceptibility axis of the grain will be perpendicular to the
long axis (Stephenson et al. 1986; Potter 1988). The problem arises when there is a mixing of
(MD) and uniaxial (SD) or pseudo-multi domain (PSD) magnetite grains that contribute to the
AMS because the (SD) magnetite’s maximum susceptibility will align with the short axis,
causing a single-domain effect where essentially (SD) particles present in the material can rotate
away from the Kz due to weak perpendicular fields. This “single-domain effect,” is the very
mechanism that introduces the need for AMR studies on magnetite/maghemite-bearing rocks
such as ignimbrites, which may experience a component of inverse or intermediate AMS (Figure
3.2) (Jackson 1991; Potter 1988, Borradaile and Jackson 2010). Alternatively with AMR, the
ellipsoid should resemble particle shape for both (SD) and (MD) grains (Stephenson et al. 1986;
Borradaile and Jackson 2010). Additionally, comparisons of AMR methods to AMS offer
additional information regarding domain state and particle size (Potter 2004). In this paper,

AMS measurements are compared to two AMR methods of anisotropy, AARM and AIRM.
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CHAPTER 4

PETROGRAPHY

4.1 Petrography of the Tshirege Member of the Bandelier Tuff

Other authors have published extensive sets of chemical and petrographic information of
the Tshirege member of the Bandelier tuff (Warren et al., 2005 and 2007). The Bandelier Tuff
contains abundant quartz and sanidine crystals and sparse mafic minerals in a fine-grained,
welded ground mass (Gardner 1986). There are significant differences in the petrology of
welded tuffs that distinguish the individual cooling units within the Bandelier (Goff et al., 2014).
The lower Tshirege Member is only distinguishable from the Otowi Member by a significantly
higher lithic content (Warren 2007). The upper Tshirege is described as Qbt4 containing small
enclaves of quenched, vesicular, slightly porphyritic andesite magma consisting of plagioclase,
orthopyroxene, clinopyroxene, magnetite, ilmenite, apatite, zircon and glass with very rare
exceptions of hornblende (Figure 4.1c) (Goff and Warren 2010, Goff et al., 2014). In Qbt4,
Qbt51 and Qbt5u there is abundant anorthoclase present that is blocky in form and grows around
a core of plagioclase (Goff et al., 2014). In units Qbt3t to Qbt4l nearly all the feldspar is Na-
sanidine, with minor anorthoclase or plagioclase and then a big shift from Qbt4u where there are
approximately equal amounts of Na-sanidine and anorthoclase and substantial plagioclase (Goff
et al., 2014). Polished thin sections were made for a sample from each site from the Bandelier
Tuff. The primary Fe-oxide constituent visible on the polished sections are magnetite. The

magnetite grains vary in size from very small <50 microns (Figure 4.1c & Figure 4.2g) to very
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large > 200 microns (Figure 4.1d,f and h), however they represent only about 1% by area (modal

percentage) of any polished section.

A

27



Figure 4.1. Polished thin sections of representative Bandelier tuff photomicrographs on
individual grains: Mt: Magnetite; Hm: Hematite; Ilm: IImenite
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CHAPTER 5

METHODS

Samples from well-exposed, coherent sites in ignimbrites from the Jemez Mountains and
west-central Nevada were collected using a portable drill with a diamond tipped non-magnetic
core bit. All sites are well characterized in terms of orientation of compaction (eutaxitic) fabrics.
At each sampling site in the Jemez Mountains, some 10 to 31 (average of 18) independently
oriented core samples were collected from a total of distinct 21 sites established at eight
localities during Fall, 2013. In the Gold Point area, sites for this study were selected from a
comprehensive collection involving over 275 sites, each of which included same 8 to 20 (average
of 12) core samples collected during the summers of 2011 and 2012. Sample orientation
employed an integrated Brunton and sun compass orientation device. Samples were cut into
~2.54 x 2.23 cm specimens using a non-magnetic dual-bladed saw at the University of Texas at
Dallas. AMS was measured on all specimens from all 21 Bandelier Tuff sites. For the Gold Point
area ignimbrites, a total of 16 sites of the sites from the more comprehensive collection were

investigated for of AMS, AARM, and AIRM.

5.1 AMS Methods

The AMS of all specimens were measured using either an AGICO Kappabridge KLY-3S
susceptibility unit or an AGICO MFK-1A susceptibility unit. The AMS data provide a
susceptibility tensor and bulk susceptibility for each specimen analyzed. Anisoft 4.2, an AGICO
Inc. product software (AGICO) is the software used to analyze the AMS data. Specimens were

all measured in the X, Y and Z positions and then measured for bulk susceptibility while also in
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the Z position. AMS measurements were made on all specimens prior to AF demagnetization of

Natural Remanent magnetization (NRM) or preparation for ARM and IRM experiments.

5.2 AARM Methods

Specimens for anisotropy of anhysteretic remanent magnetization (AARM)
measurements were first progressively AF demagnetized using an ASC D-2000 AF
demagnetization unit or the 2G Enterprise’s AF demagnetizer integrated with the pulse-cooled
DC SQUID Superconducting Rock Magnetometer manufactured by 2G Enterprises. ARM was
imparted using a DC field of 0.1 mT and a peak alternating field of 100 mT, along 15
independent orientations that result in a susceptibility matrix (AARMmax>AARMin>AARM nin)
ellipsoid that was determined and displayed using AARM software (MatLab software developed
by Kit Harper, personal communication, 2013). The ARM was then measured using an AGICO
JR-6A Dual Speed Spinner Magnetometer. AMS data from the Bandelier Tuff sites and the

Gold Point ignimbrite sites are compared with AARM and AIRM data.

5.3 AIRM Methods

Anisotropy of isothermal remanence magnetization (AIRM) experiments were conducted
on seven Gold Point sites (10 specimens per site). Samples used for AIRM experiments were
first demagnetized using a stepwise alternating-field (AF) demagnetization with either an ASC
D-2000 unit or a 2G Enterprise’s demagnetizer pulse-Cooled DC SQUID Superconducting Rock
Magnetometer up to peak alternating fields of 100-110 mT. The specimens used were first
processed for AARM data and then were subsequently used for AIRM experiments. Gold Point

specimens were given an isothermal remanent magnetization (IRM) in a DC field of 125 mT
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using the ASC IM-10-30 Impulse Magnetizer using the same 15 orientations used for AARM
methods and magnetization was measured using an AGICO JR-6A Dual Speed Spinner
Magnetometer (Figure 5.1). The peak DC field of 125 mT was chosen based on previous results
of IRM acquisition to saturation (SIRM) experiments on these ignimbrites that demonstrated the
main magnetic constituent was indeed magnetite or maghemite, consistent with the fields

required for saturation (Fitter, 2014).

The same methods were used for AIRM experiments on specimens from sites 5, 11, and
18 in the Bandelier Tuff, however the peak DC field for each specimen was chosen
independently based on the 80% saturation yielded from IRM acquisition curves. The Bandelier

specimens were given an IRM in a DC field that ranged from 90 to 130 mT.
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Figure 5.1. The fifteen different measurement orientations used to obtain the AMR Tensor
(modified from Tauxe, 1998).
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5.4 Susceptibility versus Temperature Measurements

Magnetic susceptibility as a function of temperature was measured on bulk rock samples
and magnetic extracts (denoted by MG) from 20 of the 21 Bandelier Tuff sites and from 9 of the
15 Gold Point sites, for identification of the magnetic mineral phases characteristic of each
sample. Specimens were first crushed using a porcelain mortar and pestle, and magnetic extracts
were separated using a SmCo alloy magnet in a test tube. An AGICO MFK1-A Kappabridge
with a CS-4 furnace apparatus assembly, capable of heating to 700° was used for the
experiments. Samples were heated from room temperature to between 620 and 660° C, and
subsequently cooled back to room temperature. These experiments were conducted in an inert
atmosphere (argon). Cureval 8 (M. Chadima, AGICO) was used to display and plot T vs. y

curves

5.5 Hysteresis and FORC Diagram Methods

Room temperature hysteresis curves were obtained for material from each of the 21
Jemez sampling sites using a Princeton Measurements MicroMag 3900 vibrating sample
magnetometer (VSM). Small fragments (~3-5 mm) that fit onto the x-axis probe were measured.
Hysteresis loops were measured with a maximum applied field set to 500 mT. A total of 59
individual measurements were made with three fragments per site measured, with the exception

of sites of 14, 15, and 16.

Twenty-five sets of consecutive FORC distributions where obtained from Bandelier Tuff
specimens, using the MicroMag 3900 VSM. Each raw FORC set measured 120 FORCs, the

saturating field was set to 500 mT, and an averaging time set to three seconds. The field
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increment was set to 5.61 mT. Measurements were made on material from the twenty-five

specimens of Bandelier Tuff used for hysteresis loops with one fragment per site measured, with
the exception of site 5, 11, 18, and 20, with the intent of using these data to relate to the changes
in welding and composition among sites. Software FORCinel was used to calculate and display

FORC diagrams (Harrison 2008).
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Figure 5.2. Comparisons of hysteresis and first-order reversal curves (FORC). Data on the
left were obtained in this study; and figures on the right are adopted from Roberts et al.
2000 and Muxworthy 2007.
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CHAPTER 6

RESULTS

6.1 AMS Fabric Information

AMS data were obtained from all 21 sites in the Bandelier Tuff collection (701
specimens) and from the 14 Gold Point sites (477 specimens). In total, data from 16 specimens
from the Bandelier Tuff and 5 from the Gold Point collections were discarded from further
analysis because they that are clearly inconsistent from overall populations characteristic of each

site.

Most sites in the Bandelier Tuff yield very well defined principal susceptibility axes, with
the exception of sites 1, 2 and 9, which exhibited a higher, yet still interpretable, degree of
scatter. The average mean bulk susceptibility for the total of all Bandelier Tuff sites is 5.46 x 103
SI volume, with a standard deviation of 2.84 x 10 (Table 6.1). The degree of anisotropy (P)
ranges from 1.011 to 1.031. A Flinn-type plot of L versus F (Figure 6.1) shows the strong
dominance by foliation, as expected for moderately to well-welded ignimbrites. The shape factor
(T) average values are all greater than zero, and range from 0.318 to 0.745, indicating that the
material at all sites is dominated by an oblate fabric (Figure 6.2). The average magnetic lineation
(L) value is 1.006 (standard deviation 0.029) and average magnetic foliation (F) value is 1.016
(standard deviation 0.068). The orientation of K1 susceptibility axes for most of the sites (16 of
21 or 76%) is WNW-WSW with plunges that are consistently to the west, which is consistent
with an inferred ENE to ESE transport direction from the source Valles Caldera. Sites 1, 2, 6, 8

and 13 provide data that are exceptions, in that Ki plunges to the east and southeast.
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An alternative approach to inspecting the data involved the imbrication orientation of foliation,
I.e., the dispersion and orientation of the Kz susceptibility axes (Incoronato et al. 1983,
MacDonald and Palmer 1990). For all the AMS data collected from the Bandelier Tuff, there is
a tight grouping of the steeply inclined Ks susceptibility axes. For most sites (18 of 21, 86%), the
Kz axes plunge to the ENE-ESE. The exceptions are sites 1, 2, and 13. When comparing the
difference between the trend of K: and the inferred flow direction based on plunge direction of
Ks axes, 6 of the 21 (sites 2, 5, 6, 8, 10, and 17) sites had orientations that differed by greater
than 60 degrees. Only one site (Qbt 2) displayed nearly orthogonal (85.5° apart) K1 and K3 flow

directions.

Eleven sites in ignimbrites from the Gold Point area yield data showing well-defined
moderate to steeply dipping Kz axes (>50) with the magnetic foliation plane either dipping
between 20 and 30° or nearly sub-horizontal, ( < 20°) (Table 6.3 and 6.4). Three of the
ignimbrite sites from Gold Point yield data with moderate to nearly horizontal Kz axes, and the
magnetic foliation plane that is moderately dipping (40-60°) (Figure 6.8). All AMS data from
the Gold point sites were given proper structural corrections that estimated local tilt based on
orientations measured at each outcrop. The average site mean bulk susceptibility is 4.43 x 103
SI volume and values range from 1.41 x 10“#t0 9.16 x 10, The degree of anisotropy (P) ranges
from 1.010 to 1.052, with a mean of 1.026 (standard deviation 0.012). The Flinn plot for the
data from the Gold Point sites (Figure 6.3) defines an oblate fabric and shows that magnetic
foliation dominates over lineation. The shape factor (T) is always positive and ranges in values
from 0.440 to 0.945, also indicating an oblate fabric (Figure 6.4). Six sites originate from the

Timber Mountain Caldera Complex, located E-SE of the sampling area so a transport direction to
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the W-NW would be expected, however of the six TM sites only two yield inferred flow
directions to the west and north. Three of the sites (GP86, GP219, and GP285) show an inferred
flow direction to the east and one of the sites (GP255) shows an inferred transport direction to
the southwest (Figure 6.7 and 6.9). By comparing the difference K flow sense to the K3 flow
direction there were four sites that had a difference of greater than 60° and one site (GP 63) that

has nearly orthogonal sense of direction for the K1 and K3 axes (78.9°) (Figure 6.8).
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6.1.1 Bandelier Tuff
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6.1.2 Tuffs of Gold Point
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Figure 6.10. AMS measurements for the Gold Point area ignimbrites, TM - Tuff of Timber Mountain,
SF — Tuff of Stonewall Flat, OW — Tuff of Oriental Wash. Lower hemisphere, equal area projection

with individual specimens black squares (K1), triangles (K2) and circles (Ks). Site means (large colored
symbols), and 95% confidence ellipses.



6.1.3 AMS - Ignimbrite Density Comparison

To investigate variations in the degree of welding among sites from the Gold Point and
Bandelier collections, average density values, as a proxy for intensity of welding, were
determined for each site. Measurements of bulk volume (cm®) and mass (g) for typically nine to
ten specimens per sampling site were made. Both collections exhibit varying textures and
welding characteristics at the between-site level, and, for at least some sites, at the within-site
level. The average bulk density values are compared to the bulk susceptibility (Km), the AMS
shape value T (prolate to oblate), and the corrected degree of anisotropy (Pj) (Figure 6.11). In
Figures 6.11 (A,C,E), all the analyzed Gold Point sites are compared with Bandelier sites and
there is little in the way of correlation between density and any of these parameters, with the
exception of a slight increase in mean susceptibility with increasing density. The plots are further
sub-divided by separating out the different ignimbrites sampled for the Gold Point collection
while keeping all of the Bandelier sites grouped (OW- Tuffs of Oriental Wash, TM-Timber
Mountain Tuffs, SF- Stonewall Flat Tuffs, and BAND- Bandelier Tuffs) (Figure 6.11 (B,D,F)).
There is no obvious correlation between density and any of the three parameters, again with the

exception of a slight increase in mean susceptibility with increasing density.

49



2.5000

= *
o [ ] L] u - e ¢
3 2.0000 {—= .
- * o * % ]
F * [] g *
£ " . . A SRS -
£ 15000 | - - -
o *
>~ *
S 1.0000
o
(9]
oo
g 0.5000
<>( A @ Jemez WGP
0.0000 - - - - .
0.00E+00  2.00E-03  4.00E-03  6.00E-03  8.00E-03  1.00E-02
Km
2.5000
o *
o .ﬁ n ]
S 2.0000 - -
-~ ¢ R, *em
Z - ‘0 .
3 . M|
£ 15000 o5 +
o *
~ *
2 1.0000
&
g 0.5000
Z C ¢ Jemez mGP
0.0000 - - - - .
0 0.2 0.4 0.6 0.8 1
T Value
2.5000
) *
E m %m g m u
83 2.0000 n v n
g w * 0
Z B Be® ¢ m
3 e * u
£ 15000 - ¥
=) *
~ *
S 1.0000
-]
(7]
[-T:]
g 0.5000
I E +Jemez WGP
0.0000 - - - - : :
1 1.01 1.02 1.03 1.04 1.05 1.06
Pj

2.5000
= .
3 A M ¢
5 2.0000 1= N A —
[ ] * .
.g L * . ¢ sy, 'S
g 1.5000 {5 -~ . -
(= *
x> *
S 1.0000
[=+]
[
oo
€ 0.5000
g +BAND ®OW
< B ATM SF
0.0000 - ‘ - - .
0.00E+00  2.00E-03  4.00E-03  6.00E-03  8.00E-03  1.00E-02
Km
2.5000
‘; *
8 a o A
5 2.0000 < A
‘; L ¢ 0
£ Vet
- *
£ 15000 — S
a *
f *
g 1.0000
Q
&
& 0.5000
g +BAND mWOW
< D ATM  2SF
0.0000 - - - - :
0 0.2 0.4 0.6 0.8 1
T Value
2.5000
= L
o * A
5% 2.0000 i . L.
= & % .
*
% "o, o . N
£ 1.5000 = T A
a *
~ *
2 1.0000
()
@
S 0.5000
o F +BAND ®OW
< ATM SF
0.0000 - - - - - .
1 1.01 1.02 1.03 1.04 1.05 1.06
Pj

Figure 6.11. Bulk density compared with selected magnetic parameters (Bulk Susceptibility,
T value, and percent anisotropy)
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6.2 Rock Magnetic Experiments

6.2.1 IRM Acquisition and Backfield Demagnetization

Curves showing the acquisition of isothermal remanent magnetization (IRM) to
saturation (SIRM) show essentially complete saturation by 300 mT for all sites in the Bandelier
Tuff, with the exception of site 9, which indicates a saturation closer to 350 mT. Specimens
from the 18 selected representative sites reveal 80% saturation between 90 and 130 mT (Figure
6.12). Backfield demagnetization data yield coercivity or remanence (Hc) values ranging
between 40 and 55 mT for the entire collection of Bandelier Tuff sites, demonstrating that the
main magnetic constituent of these ignimbrites is a low coercivity phase, likely a mixture of

magnetite and maghemite.
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6.2.2 Magnetic Susceptibility vs. Temperature determinations

Material from 20 sites in the Bandelier Tuff was measured, with 19 bulk samples from 17
sites, and 18 magnetic separates (labeled MG) measured on 17 sites. Most specimens show
characteristic thermomagnetic response for essentially pure magnetite, demonstrating that it is
the principal magnetic phase. All of the magnetic separates show behavior indicating that
magnetite is the dominant carrier, with the transition from a ferrimagnetic to paramagnetic state
near the Curie temperature of 580 - 585°C. All 20 magnetic separates show a sharp decrease in
the slope of the susceptibility curve at or near 580°C. Bulk samples from sites 2, 9, and 21 yield
irreversible curves, with an increase in susceptibility upon cooling, suggesting some mineralogic
changes. The bulk samples from sites 14 and 17 show curves indicating a phase with a Curie
temperature between 620 and 630° C, implying maghemite as an important contributor.
Magnetic extracts from these sites, however, yield thermomagnetic curves that are more
consistent with nearly pure magnetite (Figure 6.13).

Of the Tuffs from Gold Point, six of the sites are in the Stonewall Flat Tuff (GP 201, 202,
206, 241, 242, and 292), and three are in the Timber Mountain Tuffs (GP 219, 255, and 285).
Bulk extracts were measured on all 9 of the selected sites and magnetic extracts (MG) were
measured for GP206, GP219, GP242, and GP285. The Stonewall Flat Tuff samples show
considerable variation in thermomagnetic behavior. Site GP201 and GP241 show a rapid
decrease in susceptibility at 580°C indicating magnetite as the dominant magnetic carrier. Sites
GP202, 206 and 292 have a slight decrease in the susceptibility curve before it increases again
between 350 and 450°C indicating maghemite present. Sites GP202, 206, and 242 also have a

slight increase in susceptibility of the heating curve indicating the possibility of formation of new
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minerals being created and then a drop off of the curve between 610 - 620°C showing that in
these sites maghemite is the dominant carrier. GP292’s heating curve is much lower
susceptibility than the cooling curve and has a slight decrease in susceptibility between 360-
410°C and then a sharp increase in susceptibility before dropping off around 610°C which is
likely a contribution of both magnetite and maghemite being present. Many of the curves are
slight to moderate shaped “peaks” however; a sharp Hopkinson Peak is seen right as the
susceptibility has a steep drop off around 540°C.

With the three Timber Mountain samples, those for site GP219 and GP 255 both have
much higher susceptibility cooling curves than heating curves and a rapid decrease in the
susceptibility curves at 580°C indicating that magnetite is the dominant mineral phase. GP285
heats to 600°C and then rapidly decreases in susceptibility at 620°C, which represents

maghemite as the dominant carrier (Figure 6.14).
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6.2.2a Bandelier Tuff Examples
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Figure 6.13. Magnetic susceptibility versus temperature curves for samples from Bandelier
Tuff sites. All runs performed in an inert atmosphere.
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6.2.2b Gold Point Examples
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Figure 6.14. Magnetic susceptibility versus temperature curves for samples from Gold
Point area sites
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6.2.3 Magnetic Hysteresis Curves

Hysteresis measurements provide an essential tool for rock magnetic research by
characterizing the magnetic mineralogy and grain size relations for an assemblage of particles
based on the loops shapes. Hysteresis parameters include saturation magnetization Ms, saturation
remanent magnetization M, coercivity Hc and remanent coercivity Her (Figure 5.2) (Jackson and
Solheid, 2010). The ratios He/Hc and M /M are used as one approach to evaluating bulk
hysteresis magnetic properties to identify the domain state i.e., particle size (Day et al., 1977;
Muxworthy and Roberts 2007). These ratios exhibit relative variations in domain state, which
indicates magnetic grain size for samples dominated by titanomagnetite and magnetite (Roberts
et al. 2000). Data analyzed from the Bandelier Tuff samples and the Gold Point Samples indicate
a predominantly pseudo-single domain (PSD) state as shown on Day Plots (Figure 6.15).
Average M/Msand He/Hc ratios for the Bandelier tuff are 0.15 and 2.72 respectively, consistent
with the magnetic hysteresis properties of pure PSD magnetite (Table 6.5). Average M,/Msand
Hc/H. ratios for the Gold Point Tuffs are 0.14 and 2.56 respectively (Table 6.6), also consistent
with the magnetic hysteresis properties of pure PSD magnetite (Figure 6.16) (Roberts et al.,

1995).
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Table 6.5. Magnetic Hysteresis Parameters for Bandelier Tuff

Site Specimen  Hc (mT) Mr (p.AmZ) Ms (uAmz/T) Hcr (mT) Mr/Ms Her/He

QBTO1 Ob 18.85 7.676 40.13 41.85 0.19 2.22
QBT01.2 Ob 18.88 7.479 36.97 42.94 0.20 2.27
QBT01.3 Ob 19.74 10.25 50.41 44.64 0.20 2.26
QBT02 Ka 18.63 4911 31.77 47.53 0.15 2.55
QBT02.2 Ka 17.42 11.81 88.78 44.65 0.13 2.56
QBT02.3 Ka 17.72 7.399 47.73 46.16 0.16 2.60
Qbt03 Pb 15.24 4.656 29.45 43.16 0.16 2.83
QBT03.2 Pb 14.7 6.959 48.93 43.94 0.14 2.99
QBT03.3 Pb 15.34 15.12 95.9 43.88 0.16 2.86
QBTO04 Jb 13.28 8.863 70.45 39.28 0.13 2.96
QBT04.2 Jb 12.29 8.625 73.01 36.2 0.12 2.95
QBT04.3 Jb 10.99 12.57 118.1 32.82 0.11 2.99
QBTO5 Bb 13.18 7.065 52.74 37.4 0.13 2.84
QBT05.2 Bb 12.24 6.039 52.54 37.05 0.11 3.03
QBTO5 Lc 10.92 12.43 116.8 33.41 0.11 3.06
QBTO06 Lb 12.61 6.811 68.64 43.74 0.10 3.47
QBT06.2 Lb 9.867 5.013 60.1 36.7 0.08 3.72
QBT06.3 Lb 10.52 7.769 93 40.02 0.08 3.80
QBTO7 Sb 18.06 6.536 39.77 46.08 0.16 2.55
QBT07.2 Sb 17.44 6.74 42.99 45.09 0.16 2.59
QBT07.3 Sb 19.79 8.003 47.49 51.47 0.17 2.60
QBTO08 Ac 12.12 9.545 91.59 39.77 0.10 3.28
QBT08.2 Ac 12.12 6.741 65.51 39.78 0.10 3.28
QBT08.3 Ac 12.44 8.28 77.18 39.97 0.11 3.21
QBTO9 Sc 14.97 1.332 7.923 45.71 0.17 3.05
QBT0S9.2 Sc 15.36 0.7569 4.375 45.34 0.17 2.95
QBT09.3 Sc 15.53 1.993 11.47 45.79 0.17 2.95
QBT10 Fa 18.53 24.4 160.2 44.01 0.15 2.38
QBT10.2 Fa 19.15 25.48 157.7 45.57 0.16 2.38
QBT10.3 Fa 20.09 14.34 92.01 49.07 0.16 2.44
QBT11 Ad 14.77 11.55 81.71 40.07 0.14 2.71
QBT11 Ra 19.56 5.57 34.27 46.6 0.16 2.38
QBT11 Ub 18.99 9.287 54.77 44.18 0.17 2.33
QBT12 Hc 18.31 11.65 68.75 41.92 0.17 2.29
QBT12 Aa 16.88 13.04 94.59 43.06 0.14 2.55
QBT12.2 Aa 15.99 10.25 76.35 40.85 0.13 2.55
QBT13 Hc 17.83 15.35 93.12 42.55 0.16 2.39
QBT13.2 Hc 17.71 14.98 95.64 44.03 0.16 2.49
QBT13.3 Hc 17.98 10.01 63.79 44.65 0.16 2.48
QBT14 Fb 18.74 13.9 69.86 40.63 0.20 2.17
QBT15 Ic 17.78 4.406 25.28 43.15 0.17 2.43
QBT16 Fd 19.54 5.837 31.09 48.94 0.19 2.50
QBT16.2 Fd 19.08 5.004 26.97 48.91 0.19 2.56
QBT17 J 15.49 8.272 48.1 36.37 0.17 2.35
QBT17.2 Ud 15.58 5.565 32.11 36.39 0.17 2.34
QBT17 Ob 15.36 13.53 96.03 40.4 0.14 2.63
QBT18 Bb 18.48 5.248 30.01 43.63 0.17 2.36
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QBT19
QBT19.2
QBT19.3
QBT20
QBT20
QBT20
QBT21
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QBT21.3
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16.83
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49.24
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0.26
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0.13
0.13
0.13
0.13
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0.17
0.13
0.14
0.15

Table 6.6. Magnetic Hysteresis Parameters for Gold Point Tuffs

1.97
2.07
211
2.94
2.93
2.90
2.97
3.10
3.53
2.86
3.02
2.98
2.72

Site Specimen  Hc (mT) Mr (WAm?) Ms (WAm?) Her (mT) Mr/Ms Her/He
GPO06 Kb 8.22 0.82 8.04 21.05 0.10 2.56
GP48 Hc 15.01 0.69 3.71 37.1 0.18 2.47
GP63 Aa 9.55 1.41 10.46 29.09 0.14 3.05
GP86 Ea 9.89 0.66 5.80 21.22 0.11 2.15
GP201 Fd 14.23 4.48 28.79 36.97 0.16 2.60
GP202 Ja 16.42 1.37 6.05 33.86 0.23 2.06
GP206 A 9.80 0.75 4.89 31.84 0.15 3.25
GP219 Nc 7.14 0.13 1.56 14.88 0.09 2.08
GP241 Pc 6.05 1.27 12.42 19.01 0.10 3.14
GP242 Eb 8.61 2.16 21.43 24.26 0.10 2.82
GP255 Ka 8.88 0.27 2.72 28.71 0.10 3.23
GP285 - - - - - =
GP292 Ka 10.60 1.51 8.61 23.08 0.18 2.18
GP306 Db 12.30 0.06 0.27 20.7 0.23 1.68
Averages 0.14 2.56
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Figure 6.15. Graph A displays Day Plot Data representative of the Bandelier Sites; Graph B is displaying
the sites representative of the Gold Point Data
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-1.10e-5 -1.1e-5
-05 -04 -03 -02 -01 0 0.1 02 03 04 05

Field [T]

[By/zwy] uoneznaubepy

[63/zwy] uonezieubeyy

[By/zwy] uoneznaubep
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moment [Am2]

moment [Am2]

moment [Am2]

QBT10Fa
Field [mT]

160p 00400 300 200 100 0 100 200 300 400 500 .
1.40e-4 1.4e-4
1.20e-4 12e-4
1.00e-4 1.0e-4
8.00e-5 8.0e-5
6.00e-5 6.0e-5
4.00e-5 4.0e-5
2.00e-5 20e-5

0.00e0 0.0e0
-2.00e-5 -2.0e-5
-4.00e-5 -4.0e-5
-6.00e-5 -6.0e-5
-8.00e-5 -8.0e-5
-1.00e-4- -1.0e-4
-1.20e-4 -1.2e-4
-1.40e-4 -1.de-4
-1.60e-4 -1.6e-4

05 -04 -03 02 -01 0 0.1 03 04 0.5
Field [T)
QBT10.2Fa
Field [mT]

-500 -400 -300 -200 -100 0 100 200 300 400 500
1.408-4 14e-4
1.20e4 1204
1.00e-4 1.0e-4
8.00e-5 8.0e-5
6.00e-5 6.0e-5
4.00e-5 4.0e-5
2.00e-5 2.0e-5
0.00e0: 0.0e0
-2.00e-5 -2.0e-5
-4.00e-5 -4.0e-5
-6.00e-5 -6.0e-5
-8.00e-5 -8.0e-5
-1.00e-4 -1.0e-4
-1.20e-4 1.2e-4
-1.40e-4 -1.4e-4
05 -04 -03 -02 01 0 0.1 02 03 04 0.5
Field [T)

QBT10.3Fa
Field [mT]

-500 -400 -300 -200 -100 O 100 200 300 400 500
9.00e-5 9.0e-5
8.00e-5 8.0e-5
7.00e-5 7.0e-5
6.00e-5 6.0e-5
5.00e-5 5.0e-5
4.00e-5 4.0e-5
3.00e-5 3.0e-5
2.00e-5 2.0e-5
1.00e-5 1.0e-5
0.00e0r 0.0e0
-1.00e-5 -1.0e-5
-2.00e-5 -2.0e-5
-3.00e-5 -3.0e-5
-4.00e-5 -4.0e-5
-5.00e-5 -5.0e-5
-6.00e-5 -6.0e-5
-7.00e-5 -7.0e-5
-8.00e-5 -8.0e-5
-8.00e-5 -9.0e-5
05 -04 -03 02 -01 0 0.1 02 03 04 0.5

Field [T]

[By/zwy] uoneznaubepy

[6%/zwy] uoneznaubepy

[By/zwy] uoneznsuben



moment [Am2]

moment [Am2]

moment [Am2]

QBT11Ad

Field [mT]

500 -400 -300 -200 -100 O 100 300 400 500
8.00e-5] 8.0e5
7.00e-5 7.0e-5
6.00e-51 6.0e-5
5.00e-5 5.0e-5
4.00e-5 4.0e-5
3.00e-5 3.0e5
2.00e-5 2.0e-5
1.00e-5 1.0e-5

0.00e0 0.0e0
-1.00e-5] -1.0e-5
-2.00e-5] -2.0e-5
-3.00e-5 -3.0e-5
-4.00e-5 -4.0e-5
-5.00e-5 -5.0e-5
-6.00e-51 -6.0e-5
-7.00e-51 -7.0e-5
-8.00e-51 -8.0e-5
05 04 03 02 01 0 01 02 03 04 05
Field [T]
QBT11Ra
Field [mT]

500 -400  -300 -200 -100 0 100 300 400 500
3.50e-5 3.5e5
3.00e-5 3.0e5
2.50e-5 2585
2.00e-51 2.0e-5
1.50e-5 1.5e-5
1.00e-5 1.0e-5
5.00e-61 5.0e-6
0.00e0 0.0e0

-5.00e-6 -5.0e-6
-1.00e-5] -1.0e-5
-1.50e-5 -1.5e-5
-2.00e-5 -2.0e-5
-2.50e-5] -2.5e-5
-3.00e-5] -3.0e-5
-3.50e-5+ -3.5e-5
05 04 03 02 01 0 01 02 03 04 05
Field [T]
QBT11Ub
Field [mT]

500 -400 -300 200 -100 0 100 200 300 400 500
5.50e-5] 5.5e-5
5.00e-5 5.0e-5
4.50e-5 4.5e-5
4.00e-5 4.0e-5
3.50e-5 3505
3.00e-5 3.0e5
2.50e-5 2.5e-5
2.00e-5 2.0e-5
1.50e-5 1.5e-5
1.00e-5 1.0e-5
5.00e-6 5.0e-6

0.0 0.0e0
-5.00e-6 -5.0e-6
-1.00e-5 -1.0e-5
-1.50e-57 -1.5e-5
-2.00e-5 -2.0e-5
-2.50e-5 -2.5e-5
-3.00e-5 -3.0e-5
-3.50e-5 -3.5e-5
-4.00e-5 -4.0e-5
-4.50e-5] -4.5e-5
-5.00e-5] -5.0e-5
-5.50e-5 -5.5¢-5

05 04 03 02 01 0 01 02 03 04 05

" Field [T]

[63/zwy] uoneznsubep

[6%/zwy] uonezisubep

[B31/zwy] uonezneubepy
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moment [Am2]

moment [Am2]

moment [Am2]

QBT12Aa
Field [mT]

500 -400 -300 -200 -100 O 100 200 300 400 500
9.00e-5 9.0e-5
8.00e-5 8.0e-5
7.00e-5 7.0e-5
6.00e-5 6.0e-5
5.00e-5 5.0e-6
4.00e-5 4.0e-5
3.00e-5 3.0e-5
2.00e-5 2.0e-5
1.00e-5 1.0e-5

0.00e0- 0.0e0
-1.00e-5 -1.0e-5
-2.00e-5 -2.0e-5
-3.00e-5 -3.0e-5
-4.00e-5 -4.0e-5
-5.00e-5 -5.0e-5
-6.00e-5 -6.0e-5
-7.00e-5 -7.0e-5
-8.00e-5° -8.0e-5
-9.00e-5 -9.0e-5
05 04 03 02 01 0 01 02 03 04 05
Field [T]
QBT12.2Aa
Field [mT]

-500 400 -300 -200 -100 0 100 300 400 500
8.00e-5 8.0e-5
7.00e-5 7.0e-5
6.00e-5 6.0e-5
5.00e-5 5.0e-5
4.00e-5 4.0e-5
3.00e-5 3.0e5
2.00e-5 2.0e-5
1.00e-5 1.0e-5
0.00e0 0.0e0

-1.00e-5 -1.0e-5
-2.00e-5 -2.0e-5
-3.00e-5 -3.0e-5
-4.00e-5 -4.0e-5
-5.00e-5 -5.0e-5
-6.00e-5 -6.0e-5
-7.00e-5 -7.0e-5
-8.00e-5 -8.0e-5
05 04 03 02 01 0 01 02 03 04 05
Field [T]
QBT12Hc
Field [mT]

-500 -400 -300 -200 -100 100 200 300 400 500
7.00e-5 7.0e5
6.00e-5 6.0e-5
5.00e-5 5.0e-5
4.00e-5 4.0e-5
3.00e-5 3.0e-5
2.00e-5 2.0e-5
1.00e-5 1.0e-6

0.0 0.0e0
-1.00e-5 -1.0e-5
-2.00e-5 -2.0e-5
-3.00e-5 -3.0e-5
-4.00e-5 -4.0e-5
-5.00e-5 -5.0e-5
-6.00e-5 -6.0e-5
-7.00e-5 -7.0e-5

05 04 03 02 01 0 01 02 03 04 05

" Field [T]

[63/zwy] uonezieubep

[B/zwy] uoneznoubey

[B3/zwy] uoneznsubep



moment [Am2]

moment [Am2]

moment [Am2]

QBT13Hc

Field [mT]

-500 400 -300 -200 -100 O 100 200 300 400 500
9.00e-5 9.0e-5
8.00e-5] 8.0e-5
7.00e-5 7.0e-5
6.00e-5] 6.0e-5
5.00e-5] 5.0e-5
4.00e-5 4.0e-5
3.00e-5] 3.0e-5
2.00e-5] 2.0e-5
1.00e-5 1.0e-5

0.00e0 0.0e0
-1.00e-57 -1.0e-5
-2.00e-5] -2.0e-5
-3.00e-5 -3.0e-5
-4.00e-5 -4.0e-5
-5.00e-57 -5.0e-5
-8.00e-5 -6.0e-5
-7.00e-5 -7.0e-5
-8.00e-5/ -8.0e-5
-9.00e-5 i . : . -9.0e-5
05 04 -03 -02 01 0 01 02 03 04 05
Field [T]
QBT13.2Hc
Field [mT]

-500 -400 -300 -200 -100 0 100 200 300 400 500
9.00e-5 9.0e-5
8.00e-5 8.0e-5
7.00e-5] 7.0e-5
6.00e-5] 6.0e-
5.00e-5] 5.0e-5
4.00e-5 4.0e-5
3.00e-5] 3.0e-5
2.00e-5 2.0e-5
1.00e-5] 1.0e-5

0.00e0 0.0e0
-1.00e-57 1.0e-5
-2.00e-5| 2.0e-5
-3.00e-5 3.0e-5
-4.00e-5 4.0e-5
-5.00e-5] -5.0e-5
-6.00e-51 -8.0e-5
-7.00e-5 -7.0e-5
-8.00e-57 -8.0e-5
-9.00e-57 -9.0e-5
05 04 -03 -02 01 0 01 02 03 04 05
Field [T]
QBT13.3Hc
Field [mT]

-500 -400 -300 -200 -100 O 100 200 300 400 500
6.00e-5] 6.0e-5
5.00e-5] 5.0e-5
4.00e-5] 4.0e-5
3.00e-5] 3.0e-5
2.00e-5] 2.0e-5
1.00e-5 1.0e-5

0.0060 0.0e0
-1.00e-5 -1.0e-5
-2.00e-5 -2.0e-5
-3.00e-5 -3.0e-5
-4.00e-5] -4,0e-5
-5.00e-5] -5.0e-5
-6.00e-5 -6.0e-5

05 04 03 02 01 0 01 02 03 04 05

Field [T]

[6y/zwy] uonezneubeyy

[By/zwy] uonezneubep

[63/zwy] uonezyeubep
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moment [Am2]

moment [Am2]

moment [Am2]

QBT14Fb
Field [mT]
7000 500400 300 200 -100 100 200 300 400 500
6.00e-5 6.0e5
5.00e-5] 5.0e5
4.00e-5 4.0e-5
3.00e-5 3.0e5
2.00e-5 2.0e5
1.00e-5 1.0e-5
0.00e0 0.0e0
-1.00e-5 1.0e-5
-2.00e-5 2,05
-3.00e-5 -3.0e-5
-4.00e-5 -4.0e-5
-5.00e-5 -5.0e-5
-6.00e-5 -6.0e-5
e 04 93 92 o1 0 01 0z o3 o4 o5 o
Field [T]
QBT15lc
Field [mT]
500 400 300 -200 -100 O 100 200 300 400 500
2.508-5 | 2565
2.00e-5 | 2085
150651 1565
1.00e-51 1.0e-5
5.00e-6 5.00-6
0.00e0 0.0e0
-5.00e-6 -5.0e-6
-1.00e-5 1.0e-5
-1.50e-5 1505
-2.00e-5| -2.0e-5
-2.50e- 2505
05 04 03 02 01 0 01 02 03 04 05
Field [T]
QBT16Fd
Field [mT]

500 -400 -300 200 -100 100 300 400 500
3.00e-5 3.0e5
2.50e-5 2.5e-5
2.00e-5 2.0e5
1.50e-5 1.5e-5
1.00e-5 1.0e-5
5.00e-6 5.0e-6
0.00e0 0.0e0

-5.00e-6 -5.0e-6
-1.00e-5 1.0e-5
1.50e-5 1.5e-5
-2.00e-5 -2.0e-5
25065 255
-3.00e-5 ‘ i -3.0e5
05 -04 03 02 01 0 01 02 03 04 05
Field [T]

[Bx/zwy] uoneznaubey

[63/zwy/] uoneznaubepy

[651/zwy] uoneznaubely



moment [Am2]

moment [Am2]

moment [Am2]

QBT17Jd

Field [mT]

-500 -400 -300 -200 -100 0 100 200 300 400 500
4.50e-5 4.5e-5
4.00e-5 4.0e-5
3.50e-5 3.5e-5
3.00e-5 3.0e-5
2.50e-5 2.5e-5
2.00e-5 2.0e-5
1.50e-5 1.5e-5
1.00e-5 1.0e-5
5.00e-6 5.0e-6

0.00e0 0.0e0
-5.00e-6 -5.0e-6
-1.00e-5 -1.0e-5
-1.50e-5 -15e-5
-2.00e-5 -2.0e-5
-2.50e-5 -2.5e-5
-3.00e-5 -3.0e-5
-3.50e-5 -3.5e-5
-4.00e-5 -4.0e-5
-4.50e-5 -4.5e-5
05 -04 -03 - -0.1 0 0.1 03 04 05
Field [T]
QBT17.2Jd
Field [mT]

-500 -400 -300 -200 -100 0 100 200 300 400 500
3.00e-5 3.08-5
2.50e-5 2.5e-5
2.00e-5 2.0e-5
1.50e-5 1.5e-5
1.00e-5 1.0e-5
5.00e-6 5.0e-6

0.00e0 0.0e0
-5.00e-6 -5.0e-6
-1.00e-5 -1.0e-5
-1.50e-5 -1.5e-5
-2.00e-5 -2.0e-5
-2.50e-5 -2.5e-5
-3.00e-5 -3.0e-5
05 04 -03 - 01 0 01 03 04 05
Field [T]
Field [mT]

=500 -400 -300 -200 -100 0 100 200 300 400 500
9.00e-5 9.0e-5
8.00e-5 8.0e-5
7.00e-5 7.0e-5
6.00e-5 6.0e-5
5.00e-5 5.0e-5
4.00e-5 4.0e-5
3.00e-5 3.0e-5
2.00e-5 2.0e-5
1.00e-5 1.0e-5
0.00e0 0.0e0

-1.00e-5 -1.0e-5
-2.00e-5 -2.0e-5
-3.00e-5 -3.0e-5
-4.00e-5 -4.0e-5
-5.00e-5 -5.0e-5
-6.00e-5 -6.0e-5
-7.00e-5 -7.0e-5
-8.00e-5 -8.0e-5
-9.00e-5 -9.0e-5
05 04 03 02 01 0 0.1 02 03 04 05
Field [T]

[By/zwy] uonezneubep

[Bx/zwy] uonezipaubepy

[By/zwy] uoneziaubepy
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moment [Am2]

moment [Am2]

moment [Am2]

QBT18Bb
Field [mT]

-500 -400 -300 -200 -100 0 100 200 300 400 500
3.00e-5 3.0e-5
2.50e-5 2.5e-5
2.00e-5 2.0e-5
1.50e-5 1.5e-5
1.00e-5 1.0e-5
5.00e-6 5.0e-6

0.00e0 0.0e0

-5.00e-6 -5.0e-6

-1.00e-5 -1.0e-5

-1.50e-5 -1.5e-5

-2.00e-5| -2.0e-5

-2.50e-5| -2.5e-5

05 -04 -03 -02 -01 0 0.1 02 03 04 05
Field [T]
Field [mT]
-500 -400 -300 -200 -100 0 100 200 300 400 500

2.20e-5 2.2e-5
2.00e-5 2.0e-5
1.80e-5 1.8e-5
1.60e-5 1.6e-5
1.40e-5 1.4e-5
1.20e-5 1.2e-5
1.00e-5 1.0e-5
8.00e-6 8.0e-6
6.00e-6 6.0e-6
4.00e-6 4.0e-6
2.00e-6 2.0e-6

0.00e0 0.0e0
-2.00e-6 -2.0e-8
-4.00e-6 -4.0e-6
-6.00e-6 -6.0e-6
-8.00e-6 -8.0e-6
-1.00e-5] -1.0e-5
-1.20e-5 -1.2e-5
-1.40e-5 -1.4e-5
-1.60e-5{ -1.6e-5
-1.80e-5 -1.8e-5
-2.00e-5 -2.0e-5
-2.20e-5 -2.2e-5

-05 -04 -03 -02 -01 0 0.1 02 03 04 05
Field [T]
QBT18.2Pb
Field [mT]

-500 -400 -300 -200 -100 0 100 200 300 400 500
2.50e-5 2.5e-5
2.00e-5 2.0e-5
1.50e-5 1.5e-5
1.00e-5 1.0e-5
5.00e-6 5.0e-6

0.00e0 0.0e0
-5.00e-6 -5.0e-6
-1.00e-5 -1.0e-5
-1.50e-5 -1.5e-5
-2.00e-5 -2.0e-5
-2.50e-5 -2.5e-5
-05 -04 -03 0.1 0 01 02 03 04 05
Field [T]

[By/zwy] uonezyaubep

[B/zuy] uoneznauben

[By/zwy] uonezieubepy



moment [Am2]

moment [Am2]

moment [Am2]

QBT19Jb

Field [mT]

500 -400 -300 200 -100 0 100 200 300 400 500
6.00e-5 6.0e-5
5.00e-5 5.0e-5
4.00e-5 4.0e-5
3.00e-5 3.0e-5
2.00e-5 20e-6
1.00e-5 1.0e-5

0.00e0 0.0e0
-1.00e-5 -1.0e-5
-2.00e-5 -2.0e-5
-3.00e-5 -3.0e-5
-4.008-5 -4.0e-5
-5.00e-5 -5.0e-5
-6.00e-5 6.0e-5
05 -04 -03 01 0 01 02 03 04 05
Field [T]
QBT19.2Jb
Field [mT]

500 400 -300 200 -100 O 100 200 300 400 500
6.00e-5 6.0e-5
5.00e-5 5.0e-5
4.00e-5 4.0e-5
3.00e-5 3.0e-5
2.00e-5 2.0e-5
1.00e-5 1085

0.00e0 0.0e0
-1.00e-5 -1.0e-5
-2.00e-5 -2.0e-5
-3.00e-5 -3.0e-5
-4.00e-5 -4.0e-5
-5.00e-5 -5.0e-5
-6.00e-5 6.0e-5
05 -04 03 02 01 0 01 02 03 04 05
Field [T]
QBT19.3Jb
Field [mT]

-500 400 300  -200 -100 100 200 300 400 500
6.00e-5 6.0e-5
5.00e-5 5.0e-5
4.00e-5 4.0e-5
3.00e-5 3085
2.00e-5 2.0e-5
1.00e-5 1085
0.00e0 0.0e0

-1.00e-5 -1.0e-5

-2.00e-5 -2.0e-5

-3.00e-5 -3.0e-5

-4.00e-5 -4.0e-5

-5.00e-5 -5.0¢-5

-6.008-5 6.06-5
05 -04 03 02 -0 02 03 04 05

4 0 01
Field [T]

[Byyzwy] uonezneubeyy

[By/zwy] uonezieubeyy

[6x/zwy] uoneznaubeyy
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moment [Am2]

moment [Am2]

moment [Am2]

QBT20.1Fc
Field [mT]

500 400 -300 -200  -100 100 200 300 400 500
9.00e-6 9.0e-6
8.00e-6 8.0e-6
7.00e-6 7.0e-6
6.00e-6 6.0e-6
5.00e-6 5.0e-6
4.00e-6 4.0e-6
3.00e-6 3.0e-6
2.00e-6 2.0e-6
1.00e-6 1.0e-6
0.00e0 0.0e0

-1.00e-6 -1.0e-6
-2.00e-6 -2.0s-6
-3.00e-6 -3.0e6
-4.00e-6 -4.0e6
-5.00e-6 -5.0e6
-6.00e-6 -6.0e-6
-7.00e-6 -7.0e-6
-8.00e-6 -8.0e-6
-9.00e-6 , . -9.0e-6
05 04 -03 02 01 0 01 02 03 04 05
Field [T]
Field [mT]

500 -400 -300 -200 -100 100 200 300 400 500
1.00e-5 1.0e-5
9.00e-6 9.0e-6
8.00e-6 8.0e-6
7.00e-6 7.0e-6
6.00e-6 6.0e-6
5.00e-6 5.0e-6
4.00e-6 4.0e-6
3.00e-6 3.0e-6
2.00e-6 2.0e-6
1.00e-6 1.0e-6
0.00e0 0.0e0

-1.00e-6 1.0e-6
-2.00e-6 -2.0e-6
-3.00e-6 -3.0e6
-4.00e-6 -4.006
-5.00e-6 -5.0e6
6.00e-6 6.0e6
-7.00e-6 -7.0e-6
-8.00e-6 -8.08-6
-9.00e-6 -9.0e-6
-1.00e-5 -1.0e-5
05 04 03 02 01 0 01 02 03 04 05
Field [T]
Field [mT]

-500 -400 -300 -200 -100 100 200 300 400 500
2.40e-5 2.4e-5
2.20e-5 2265
2.00e-5 2.0e-5
1.80e-5 1.8e-5
1.60e-5 16e-5
1.40e-5 1.4e-5
1.20e-5 1.2e-5
1.00e-5 1.0e-5
8.00e-6 8.0e-6
6.00e-6 6.0e-6
4.00e-6 4.0e-6
2.00e-6 2.0e-6
0.00e0 0.0e0
-2.00e-6 -2.0e-6
-4.000-6 -4.00-6
-6.00e-6 -6.0e-6

-8.00e-6 -8.0e-6
-1.00e-5 -1.0e-5
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6.2.4 First Order Reversal Curve (FORC) Diagrams

First-order reversal curves or FORCs are calculated from a series of partial hysteresis
loops that begin by saturating a sample to a large field (Hsat) and then decrease to the reversal
field (Ha), where the FORC is defined as the magnetization curve that starts at the reversal field
(C) and the applied field is increased back to saturation (Hs), (Roberts et al. 2000). The FORC
curve is any point M(Ha, Hp) starting at Ha moving back to positive saturation (Figure 5.2).
FORCs can provide information that eliminates some ambiguity that is associated with hysteresis
loops by determining distribution of switching fields and interaction fields between particles
(Muxworthy and Roberts, 2007). Although hysteresis loops have been widely used for rock
magnetic studies, there are several ambiguities associated with them that many authors aim to
understand (Corradi and Wohlfarth 1978; Dunlop, 1981; Pike et al. 1999; Sprowl, 1990) such as
mixing between magnetic components, mixtures of magnetic particles, grain size, internal stress,
and magnetostatic interactions (Roberts et al., 2000; Muxworthy and Roberts, 2007). Roberts et
al., 2000 describes differences between contouring patterns and domain wall curvature of SD,
MD and PSD particles. Assemblages of interacting SD particles are represented on FORC
diagrams by contours that close around a central peak near the Hu = 0 axis with varying
distributions of the H¢ values that represent different magnetic assemblage. Where MD particles
are represented, the contour spread is characteristically increased in the vertical direction,
symmetrically away from the origin at Hu = 0 and intersecting at Hc = 0, where the diverging
contours typically extend beyond 30 mT on the H axis (Roberts 2000). While MD contours are
symmetrical and divergent, the PSD signature display behavior similar to both SD and MD

grains with closed peak and divergent contours (Muxworthy 2007). High-resolution FORC data

78



collected for 21 sites from Bandelier Tuff samples show FORC distributions that are consistent
with the characteristics of MD and PSD magnetic particle assemblages with a peak Hc values
averaging approximately 20 mT (Figure 6.17), consistent with magnetite being the dominant
carrier (Roberts 2000). Sites 6 and 8 exhibited lower coercivity values less than 20 mT (Figure
6.17). Sites 10 and 13 exhibit coercivity values that are higher which may be indicative of a

mixing of PSD magnetite and another higher coercivity mineral such as maghemite.
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6.3 ARM Fabrics and Comparison of Anisotropy methods

Comparisons of AMS, AARM, and AIRM fabrics reveal differences in the dominant
magnetic fabric at the sites in ignimbrites that originated from the same source caldera (i.e.,
Valles Caldera), have been extensively studied in the past, and have been demonstrated to show
no statistically significant relative tectonic rotations over the area of interest (Sussman et al.,
2011). The same methods were then used for a comparison of ignimbrites in a locality that has
several sources of emplacement (i.e., Timber Mountain caldera, Stonewall Flat caldera, etc.) that
have not been previously examined for rock magnetic properties, and have an extensive
structural and tectonic history affecting the area.

Previous investigations that compare AMS and remanence fabrics have categorized at
least four relationships between AMS and ARM fabrics (Jackson 1991; Rochette et al 1992 and
1999; Ferre 2002). The four relationships are normal (AMS and ARM have same principal axes),
“inverse” (AMS has K1 and K3 reversed), “intermediate” (AMS has K1 and K2 reversed), and
“oblique” (AMS has non-coaxial axes) (Figure 6.18). AARM is a technique that can isolate the
contribution of specific mineral grains and can therefore help determine the observed

relationships.

84



@ L
S AR
oKkl Ake Normal
OK3 @K3
|
Intermediate Oblique

Figure 6.18. The four relationships between AARM and AMS

6.3.1 AIRM Results

AIRM fabrics for the four sites measured in the Bandelier tuff show well defined
principal axes, with three of the four sites (5,11, and 18) having steeply inclined minimum
susceptibility axes with a sub-horizontal Ki-K> foliation plane. However, site 20 yields an
intermediate plunge of the minimum susceptibility axis (< 60°) and the Ki-K> plane dips > 30°
(Figure 6.18). For each site, the percent anisotropy of the AIRM is much stronger than the
percent anisotropy from the AMS data (Table 6.2). Three of the sites (5, 11, and 18) have
normal fabrics, and site 20 has an inverse fabric, relative to the AMS fabrics. Two of the four
sites (sites 11 and 18) have inferred transport directions that are approximately parallel to the

expected direction (eastward) and sites 5 and 20 have inferred transport directions that are either
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in the opposite direction (site 5) or perpendicular (site 20) to the expected direction from the
source Valles Caldera.

AIRM fabrics were measured on seven sites from the Gold Point collection; five of which
are from Tuff of Stonewall Flat and two are from Tuff of Timber Mountain. The AIRM fabrics
for six of the sites show well-defined principal axes, with steeply inclined minimum
susceptibility axes that have a sub-horizontal K:-K: foliation plane. The exception is site GP255,
showing a very shallow (33°) plunge and a moderate dip of about 60°. Sites 202, 285, and 292
are normal to the AMS fabric, site 206 has an intermediate fabric compared to the AMS and,

sites 201, 242, and 255 are oblique.

6.3.2 AARM Results

AARM data were collected for 17 of the 21 Bandelier Tuff sites. Fifteen sites have well
defined principal susceptibility axes and two sites (sites 6 and 9) exhibit a high dispersion to the
data such that the results from these sites are uninterpretable. Sites 6 and 9 also have shallow
(<50°) plunges of 25.6° for site 6 and 45.7° for site 9 Kz minimum susceptibility axes, with
moderate to steep dips of 244.3 and 357.2 of the K1 maximum susceptibility axes, respectively.
Seven sites (sites 3, 7, 8, 10, 11, 13and 15) have moderate (50-70°) plunges of the Kz minimum
susceptibility axes with shallow to moderate dips of the K; maximum susceptibility axes, and
eight sites (4, 5, 12, 14, 17, 18, 20, 21) have steep (>70°) plunges of the Kz minimum
susceptibility axes and thus a sub-horizontal K;-K: foliation plane (Table 6.7). Seven of the
Bandelier sites (sites 3, 4, 8, 11, 12, 14, and 18) yield a normal fabric, two sites (13 and 15) yield
and intermediate fabric, eight sites (site 5, 6, 7, 9, 10, 17, 20, and 21) yield an oblique fabric, and

no Bandelier sites yielded any inverse fabric relationship (Figure 6.19).
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AARM fabrics were measured on all 14 Gold Point area ignimbrite study sites. Ten of the
sites have well defined principal axes and four sites (GP 6, 206, 285, and 306) have a higher
degree of scatter to the data. Seven sites (GP 6, 63, 206, 242, 255, 285, and 306) have shallow
(<40°) plunges with moderate to steep dips. Five sites (48, 86, 201, 241, and 292) have steep (>
60°) plunges with a shallow to sub-horizontal K:-K> foliation plane. Two sites (202 and 219)
have moderate (~56°) plunges and a moderately dipping K1-K> foliation plane (Table 6.7). The
Tuffs of Timber Mountain AARM data show one site with a normal fabric to the AMS data (GP
48), one an inverse fabric (GP 306), two intermediate fabrics (GP 86 and 285), and two of
oblique fabrics (GP 219 and 255. Data from the Stonewall Flat Tuff sites show five sites with an
oblique fabric (GP 201, 202, 206, 241, and 242) and one normal of normal fabric (GP 292). The

Tuff of Oriental Wash sites (GP 6 and 63) both display an oblique fabric.
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Figure 6.19. Comparison of AMS vs AARM data for Bandelier Tuff sites.
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CHAPTER 7

DISCUSSION

Two regionally extensive ignimbrites, from the Valles Caldera, Jemez Mountains, New
Mexico and from the Southwest Nevada Volcanic Field (SWNVF) were examined in this study.
Both sets of data yield well-defined AMS data. The magnetic mineralogy is dominated by
pseudo-single domain and multi-domain magnetite. The cross-plots of the AMS P values
(percent anisotropy) versus the ARM P values for both study areas show overall higher
anisotropy values for the AARM than the AIRM (Figure 7.3), and the cross-plot for magnetic
lineation versus magnetic foliation of AMS to ARM methods shows higher values along the
foliation for ARM than AMS indicating an oblate fabrics (Figure 7.4). The method of using the
K1 axis as an indicator to define paleo-flow of ignimbrites may have worked for many authors
(Ellwood, 1982, Lipman et al., 1996), in this study we chose to compare that method with using
the Kz axis as the indicator defining the paleo-flow as it is presumed that the Kz aligns with the
imbrication direction, and thus the inferred transport direction. For the Bandelier Tuff AMS,
using the K axis as the indicator for inferred transport direction, 15 out of 21 (71%) sites show
an inferred transport direction away from the Valles Caldera to the ENE-ESE (Figure 6.5).
Compared with using the Kz axis 18 out of 21 (86%) show an inferred transport direction to the

ENE-ESE (Figure 6.6), clearly, in this case the K3 is a better indicator of paleo-flow direction.

Interpreting the Gold Point area data set is not as straightforward as the Bandelier Tuff
data set. Other factors needed to be considered. The area sampled lies between Slate Ridge, Gold

Mountain and other features that could alter the inferred transport direction locally due to the
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paleo-topography high relief. All Gold Point area AMS and ARM measurements were
structurally corrected to the paleo-horizontal that were measured at each site. Additionally
because these specimens were collected in the Walker Lane transfer system in SW Nevada,
major displacement or vertical axis rotations may be related sources of error seen within the
dataset. Of the six Timber Mountain sites only three (GP 48, 255, and 306) show an inferred
transport direction that corresponds to their source caldera. The other three sites show an inferred
transport direction that are in the opposite (GP 86 and 219) direction or perpendicular (GP 285)
to the source. Of the six Stonewall Flat tuffs only two (GP 241 and 242) show an inferred
transport direction that corresponds to their source caldera, the other four sites show directions
that are either in the opposite (GP 201, 202, 206) direction or perpendicular (GP 292) to the
source. In addition, the Oriental Wash Tuffs, which have no known source show, inferred

transport directions that are perpendicular to each other (Figure 6.8).

7.1 Comparison of AMS/AIRM/AARM Fabrics

An in depth look at the comparison of AMS to ARM methods was done by looking at
sites across the study areas from both localities in New Mexico and in Nevada. There were four
total sites that had complete AMS and AMR measurements completed on them (Figure 7.1), and

seven total sites for the Gold Point area Tuffs (Figure 7.7).

Sites 5, 11, 18, and 20 were compared for the Bandelier Tuff ignimbrites for their spacing
through the sampling area and because these sites were strategically sampled in a vertical array
from the lowest point to the highest point in the outcrop. All of these sites have a very steep

plunge and sub-horizontal dips for the AMS and the AARM (Figure 7.1). The AIRM data look
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similar with the exception of site 20 AIRM showing a moderate plunge and dip. Site 5 AMS and
AARM are both indicating an inferred transport direction to the ESE when looking at the K1 axes
in both stereographic projections, however the Kz imbrication orientation is showing an inferred
transport direction to the northeast. The AIRM for site 5 is sowing an inferred transport direction
that is opposite to the AMS for both the K1 and Kz axes (Figure 7.2). Site 11, K; and K3 axes
inferred transport directions for AMS, AARM and AIRM are all to the ESE with the exception
of the K3 imbrication direction which shows an inferred transport direction to the southwest. Site
18, K1 and K3 axes inferred transport directions for AMS, AARM and AIRM are all to the ESE
with the exception of the Kz imbrication direction which shows an inferred transport direction to
the south. Site 20 shows the most variability, K; axes AMS are to the northeast, for AIRM to the
southwest, and for AARM southeast. Kz axes for AMS and AARM are to the northeast and for
AIRM to the southeast (Figure 7.2). Both ARM methods show higher values for magnetic

foliation than the magnetic lineation for the four sites when compared to AMS (Figure 7.5)
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Figure 7.1. Comparison of AMS, AIRM, and AARM data with black arrows indicating K1
transport directions and pink arrows indicating K3 imbrication orientation. AIRM and AARM
represented by the bootstrap method of Constable and Tauxe 1990.
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Table 7.1. The Comparison between AIRM, AARM and AMS data observed from the
Bandelier Tuff and Gold Point, Nevada

Bandelier Tuff
Site N K1 K2 K3 KlDec Kllnc K2 Dec K2Inc K3 Dec K3 Inc L=ki/k2 F=k2/k3 P=k1/k3
AIRM ) ) () () ) ()
QBTO5 10 1.042 1.013 0.945 95.8 5.2 48 11.2 2103 77.6 1.028 1.072 1.103
QBT11 13 1.033 1.020 0.947 279.7 175 10 1 103.1 724 1.012 1.077 1.090
QBT18 10 1.027 1.006 0.966 3029 211 344 3.8 1341 68.6 1.021 1.041 1.063
QBT20 13 1.039 1.013 0.948 43.8 43.2 2836 282 1726 33.8 1.026 1.069 1.097

Site N K1 K2 K3 KlDec Kllnc K2Dec K2Inc K3Dec K3Inc L F P
AARM 66 6 6 ¢ @

QBTO5 10 1.035 1.029 0.936 3163 9.1 468 3.3 156.6 803 1.006 1.099 1.106
QBT11 13 1.054 1.003 0.943 3437 32 754 282 2476 615 1.050 1.064 1.118
QBT18 10 1.033 1.008 0.959 3037 7.6 353 121 1824 756 1.025 1.050 1.077
QBT20 13 1.039 1015 0.946 293 0.1 203 7.3 235 827 1023 1.073 1.098

Site N K1 K2 K3 K1 Dec Ki1linc K2 Dec K2Inc K3 Dec K3Inc L F P
AMS ) () ) () () ()

QBTO5 62 1.011 1.008 0.981 277.1 0.9 187.1 1.8 341 88.0 1.004 1.027 1.034
QBT11 52 1.006 1.004 0.991 3224 10.1 2319 3.0 125.5 79.4 1.002 1.013 1.016
QBT18 32 1.006 1.003 0.991 285.3 12.2 194.9 1.8 968 77.6 1.004 1.013 1.017
QBT20 50 1.010 1.006 0.984 249.3 11.5 159.3 0.1 687 785 1005 1.022 1.029

Gold Point
Site N K1 K2 K3 KlDec Klinc K2 Dec K2Inc K3 Dec K3Inc L=ki/k2 F=k2/k3 P=x1/k3
AIRM () () (°) () () (°)

GP201 10 1.030 1.023 0.947 168.4 6.9 261.2 224 623 664 1007 1.080 1.087

GP202 9 1.021 1.014 0.965 135 18.1 417 9.9 2843 69.2 1.008 1.051 1.059
GP206 9 1.033 1.024 0.943 359.8 103 909 5.7 2094 782 1.008 1.086 1.095
GP242 9 1.025 1.017 0.959 218.3 9.2 1257 159 3372 716 1.008 1.060 1.069
GP255 9 1.026 1.015 0.959 184.1 423 625 30 3104 33 1.011 1.059 1.071
GP285 9 1.015 1.004 0.981 329.6 89 2362 208 815 672 1.011 1.024 1.035

GP292 10 1.026 1.012 0.962 272.1 1.9 2.3 5 1616 847 1.014 1.052 1.067

Site N K1 K2 K3 K1 Dec K1lInc K2 Dec K2Inc K3 Dec K3Inc L F P
AARM () () () () () ()

GP201 9 1.030 1.001 0.969 266.2 124 1745 76 536 754 1029 1.032 1.062
GP202 10 1.151 1.099 0.751 3255 26.7 2258 185 105.2 56.6 1.047 1.464 1.533
GP206 9 1.046 1.021 0.933 47.8 463 2750 330 1673 251 1.024 1.095 1.122
GP242 9 1.074 1.019 0.907 13.5 551 1099 44 203.0 345 1.054 1.125 1.185
GP255 10 1.122 1.038 0.839 194.7 11.3 3453 771 1034 6.1 1.081 1.125 1.337
GP285 8 1.009 0.998 0.993 2414 407 1289 240 172 398 1012 1005 1.017
GP292 10 1.025 1.015 0.961 2915 95 201.3 1.1 1045 804 1.010 1.056 1.066

Site N K1 K2 K3 Kl1lDec KllInc K2 Dec K2Inc K3 Dec K3Inc L F P
AMS () () () () ) ()

GP201 33 1.006 1.003 0.991 143.8 17.0 235.1 42 3387 724 1002 1.012 1.016
GP202 37 1.006 1.002 0.992 1246 448 335 1.1 3024 45.2 1.005 1.011 1.015
GP206 46 1.006 1.004 0.990 107.3 303 129 7.3 270.8 58.6 1.002 1.015 1.018
GP242 21 1.014 1.010 0.976 31.2 25.9 286.0 283 1564 49.9 1.005 1.039 1.042
GP255 43 1.011 1.007 0.982 3335 61.1 121.0 249 2175 13.6 1.006 1.025 1.032
GP285 30 1.003 1.003 0.994 314.2 147 2168 264 704 59.3 1.001 1.009 1.011
GP292 26 1.007 1.007 0.986 263.3 225 359.0 13.6 117.7 63.3 1.002 1.021 1.025
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Figure 7.3. AMS P values compared to AARM and AIRM P values for Bandelier Tuff and Gold Point (GP)
Tuffs.
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Figure 7.5. Lineation versus Foliation for Bandelier Tuff for the four selected sites with AMS and AMR
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Similarly, AARM and AIRM analysis were compiled for seven sites from the Gold Point
area ignimbrites and compared to the AMS. A cross-plot of magnetic lineation versus foliation
shows much higher values for AARM and AIRM than for AMS (Figure 7.6). All of the sites had
some correlation when comparing the K1 AMS axis to the other K1 ARMs for the same site with
the exception of site GP 206 (86%) (Figure 7.8). None of these had a matching inferred transport
direction among the three methods. Four of the seven sites (57%) showed matching inferred
transport directions along the K1 axis with AMS and AIRM, one site (GP 242) showed matching
inferred transport directions of the K1 axis with AMS and AARM, and one site (GP 255) showed
matching inferred transport directions of the K1 axis with the AIRM an AIRM only. Only four
sites (57%) showed any matching inferred transport directions along the K3 imbrication
orientation (Figure 7.9). Two sites (GP 202 and 285) show matching inferred transport directions
along the K3 axis with AMS and AIRM, one site (GP 292) shows a matching inferred transport
direction along the K3 axis with AMS and AARM, and one site (GP 201) shows a matching
inferred transport direction along the K3 axis with AIRM and AARM only. Variability between
the AMS, AIRM and AARM analysis could be due to changes in mineralogy or domain state of

the magnetic grains.
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Figure 7.7. Comparison of AMS, AIRM, and AARM data with black arrows indicating
K1 flow directions and pink arrows indicating K3 flow direction.
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CHAPTER 8

CONCLUSIONS

Selected exposures of the Quaternary Bandelier Tuff, exposed in the Jemez Mountains,
New Mexico, and mid-Miocene ignimbrites in the southern Walker Lane, Gold Point area of the
western Great Basin, Nevada, have been studied to systematically compare anisotropy of
remanence (ARM) (mainly anhysteretic remanent magnetization, AARM and AIRM) with AMS
data from the same sites. Twenty-one sites from the Bandelier Tuff and fourteen sites from the
Gold Point area (Stonewall Flat Tuff — 6, Timber Mountain Tuff — 6, and Oriental Wash Tuff —
2) were tested to find out if the use of ARM was a reliable indicator for inferred transport
directions when correlated with the AMS. Additionally, the study also compared the
functionality of using the K1 maximum susceptibility axis as the preferred indicator for inferred
transport direction to using the K3 minimum susceptibility axis as the preferred indicator of

imbrication orientation for inferred transport direction.

The AMS data showed results that implied this method could be used to successfully
indicate the inferred transport/source directions when looking at the Bandelier Tuff, however
AMS data from the Gold Point area ignimbrites showed only a few sites where data looked like
it came from the anticipated sources. Though it is not apparent why the AMS for the Gold Point
area ignimbrites don’t show a good correlation of the transport directions with the known
sources, there could be many reasons why this is the case such as high relief paleotopography or

vertical rotations from the tectonically active area.
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This study showed the differences in using the Ky maximum susceptibility axis as the
preferred indicator for inferred transport direction to using the K3 minimum susceptibility axis as
the preferred indicator of imbrication orientation for inferred transport direction. In general for
the AMS data set shown, it was proven that for the Bandelier Tuff sites using the imbrication
orientation as a proxy for inferred transport direction yielded better results than using the
methodology of MacDonald and Palmer and others of using the K1 axis of maximum

susceptibility as the indicator for transport/source directions.

Lastly, a comparison of AMS to ARM were done for both study areas. There were many
differences found between both AARM and AIRM and between AMS and the two ARM
methods including higher anisotropies between the AMS to the ARM methods, higher
anisotropies from the AARM than the AIRM (Figure 7.3), and larger values of magnetic
foliation than magnetic lineation for all the anisotropy methods used (Figure 7.4). More data is
needed to fully understand the complex variations between the AARM and AIRM data, and how
they compare to AMS. The four sites used for this study from the Bandelier tuff showed that
using this methodology of combining AMS data with other ARM methods could be used to
determine inferred transport/source directions, however, a larger scaled area around a known
source with a larger spread of data points would be better suited for this investigation. In
addition, without understanding of the paleomagnetic vertical axis reconstruction it is difficult to

anticipate if the Gold Point area ignimbrites show data that is consistent with their source.
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