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ABSTRACT

Carbonate remagnetizations are globally widespread and typically the result of secondary
magnetite growth, which, prior to the 1980’s, were erroneously interpreted as primary
magnetization directions. Whereas remagnetizations were eventually recognized, their timing
remained mostly dated by qualitative comparison to an apparent polar wander path (APWP) after
paleomagnetic field tests. This thesis demonstrates that quantitative ages can be assigned to
remagnetizations by correlating synfolding remagnetization directions with ages from **Ar/*Ar
dating of individual folds.

Central to the approach in this study is sampling of local-scale carbonate folds in order to
produce multiple individual fold tests, instead of one regional fold test application in a field area.
Results from the North American Cordillera in Montana, Idaho/Wyoming, the Monterrey Salient
in northern Mexico, and central Mexico are reported. Remagnetization ages are determined for
each field area by connecting synfolding remagnetizations with fold ages, which span the Late
Cretaceous to Eocene. Mississippian limestones from Montana (Chpt. 2) and the Lower
Cretaceous carbonates from the Monterrey Salient (Chpt. 3) have remagnetization ages of 54 Ma
and 48-52 Ma, respectively. Results from Cretaceous carbonates in central Mexico (Chpt. 4)
preserve two regionally distinct remagnetization events at 77 Ma and 44 Ma. A study of folded
Mississippian limestones in Idaho and Wyoming similarly indicate the presence of a
remagnetization event, but results remain inconclusive for lack of suitable sampling sites

(Appendix A).
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Remagnetization ages coincide with periods of tectonic activity in the North American
Cordillera and are interpreted as the result of chemical growth of magnetite. It is proposed that
the formation mechanism of secondary remanences is from the interaction of carbonates with an
iron-bearing fluid that may also have produced illitization in clay-rich interlayers. Lithology and
structural characteristics influence whether or not sufficient magnetite will grow, allowing the
acquisition of a permanent secondary remanence. The local-scale fold sampling scheme provides
a new, detailed understanding into the development of local paleomagnetic and deformational
histories across a field area.

Combining synfolding remagnetizations and fold ages provides an important method to
date the timing of remagnetization acquisition in rock units, contributing significantly to the
global paleopole database. Given that many carbonates worldwide are remagnetized, this
coupled approach would permit broader use of the method. Moreover, the spatial distribution of
syn-, pre-, and/or postfolding remanences in folds constrains local deformation events in an area
and provides novel insights into the connection of remagnetization mechanism(s) and carbonate

deformation.
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CHAPTER 1

INTRODUCTION

A complex magnetic field is generated within Earth, resulting in a time averaged
geocentric axial dipole (GAD) field that is parallel to the Earth’s rotation axis at the surface
(Creer, 1962; Opdyke and Henry, 1969). In the presence of this dipole field a stable magnetic
direction can be preserved in rocks, commonly within the mineral phases magnetite and hematite
(Cox and Doell, 1960). These directions can be recorded during formation of the unit or at a post
depositional/formational time, which are called remagnetizations (Butler, 1992; McCabe and
Elmore, 1989; McCabe et al., 1983; Scotese at al., 1982; Stamatakos et al., 1996).

Paleomagnetists use the preserved magnetic directions to study numerous aspects of
Earth’s history, with a special category being remagnetization studies. Prior to the 1980’s,
remagnetizations were not fully recognized and many paleomagnetic analyses were
misinterpreted as primary magnetizations. Rocks were analyzed and ages were incorrectly
assigned based on matching a measured direction to a portion on Earth’s apparent polar wander
path (APWP; Kent and Opdyke, 1979; Martin, 1975; Scott, 1979). One early example is Martin
(1975), who interpreted carbonates from Ohio to have primary magnetizations carried by
magnetite, even though the pole position did not match the expected position based on the
formation age. The difference in the calculated pole position as compared to the expected North
American APWP was attributed to incomplete stratigraphic sampling that did not allow for the

averaging of secular variation (Martin, 1975). Elston and Bressler (1977) also misinterpreted a



later determined remagnetized unit in Arizona, studying the Early-Middle Cambrian Tapeats
sandstone. They found that the pole diverts from the expected direction, which these authors
considered a primary magnetization, and that the diversion was only a “brief excursion”.

Part of this early misinterpretation was due to the fact that it was the ruling conviction
that magnetite was detrital and could not grow in a rock after deposition. Many of the studied
carbonates in the Appalachians are Paleozoic and have, what we now know, a late Paleozoic
(Permian) remagnetization (e.g. McCabe et al., 1983). In the North American Cordillera many
Paleozoic carbonates acquired Mesozoic or Cenozoic remagnetizations (e.g., Enkin et al., 2000;
McWhinnie et al., 1990; Nemkin et al., 2016). However, the western remagnetizations were not
recognized until the 1980’s when use of the cryomagnetometer allowed for detection of the
comparatively weaker western paleomagnetic intensities. Therefore, early explanations for the
differences in measured versus expected poles were considered as a response to mechanical or
thermal changes (Kent, 1985; Kodama, 1988; van der Pluijm, 1987).

Creer (1968) advocated for remagnetizations in lower Paleozoic rocks, as the observed
shallow downward directions from these units did not match the expected directions. The
remagnetizations were further supported as an occurrence based on the presence of secondary
magnetic iron oxides due to soils weathering in tropical climates, but was later contradicted by
McElhinny and Opdyke. (1973). McElhinny and Opdyke. (1973) did not support Creer’s
remagnetization hypothesis because they found similarly shallow directions in the Trenton
limestone, which did not contain any soils so the unit did not require weathering at the equator.
Instead the authors found positive shallow inclinations after alternating field demagnetization
and proposed a proto-Atlantic ocean based on a similar pole from Colorado (McElhinny and

Opdyke, 1973). Such complications arose when magnetizations were assumed to be primary and



preserved in detrital magnetite, until the early 1980°s. Scotese et al. (1982) provided a pivotal
change in the interpretation of magnetizations, studying Upper Silurian and Lower Devonian
carbonates from the Helderberg Escarpment in NY. A fold test was applied to these samples and
it was observed that the best statistical clustering of directions was at a midway point between 0-
100% unfolding, instead of before or after folding. This behavior is called synfolding. The
optimal (synfolding) direction fell on the Permian portion of the North American APWP;
therefore, a secondary remanence (remagnetization) was assigned to these results (Scotese et al.,
1982). It was determined that the carrier was magnetite and, since it was secondary, the authors
concluded that authigenic growth of magnetite occurred, instead of the previously held notion of
detrital magnetite carrying the remanence.

McCabe et al., (1983) further studied carbonates of the Helderberg and Bonneterre
formations and this work supported later growth of magnetite, as the directions were post-
depositional. Following these reinterpretations of relative timing of magnetization acquisition,
the Trenton Limestone that was previously measured by McElhinny and Opdyke (1973) was re-
measured. McCabe et al. (1984) thermally demagnetized the samples instead of using an
alternating field as done by McElhinny and Opdyke (1973), resulting in a cleaner
demagnetization with shallow negative directions instead of shallow positive. The new
characteristic directions for the Trenton limestone resulted in a paleomagnetic pole that fell near
the North American APWP’s Permian pole. McCabe et al. (1984) concluded that the Ordovician
limestones were remagnetized in the Permian.

After the pioneering work that was done in the Appalachian Mountains to unravel
remagnetizations, many carbonates around the world were re-analyzed (e.g. Cinku et al., 2013;

Katz et al., 1998; McCabe and Elmore, 1989; Stamatakos et al., 1996; Van der Voo and Torsvik,



2012; Weil et al., 2000; Woods et al., 2000; Zegers et al., 2003). Evidence for remagnetizations
were found in Paleozoic rocks of the Appalachians, Mesozoic and Cenozoic carbonates of the
North American Cordillera, Neoproterozoic-Cenozoic rocks in South America, as well as many
units in Europe (e.g., Enkin et al., 2000; Font et al., 2012; Gillet and Karlin, 2004; McCabe et al.,
1984; McWhinnie et al., 1990; Weil et al., 2012; Xu et al., 1998; Zwing et al., 2009).

The timing of a remagnetization is not determined by dating the sampled rock, but is
qualitatively dated by comparison to an APWP for a region or assigned age range if a
paleomagnetic field test is applied (Ballard et al., 1986; Stearns and Van der Voo, 1987). Thus,
there was a need to assign a more quantitative date as magnetite can not be directly dated. A
solution is offered by combining radiometric *°Ar/*’Ar fold dating in areas with synfolding
remagnetizations. Illitization from smectite or illite precursors is common in naturally deformed
rocks (e.g., Vrolijk and van der Pluijm, 1999), allowing radiometric dating of deformation,
including folding (Fitz-Diaz and van der Pluijm et al., 2013). A paleomagnetic fold test is
completed by measuring samples from each limb of a fold and progressively unfolding the
respective directions based on bedding dips (Tauxe and Watson, 1994; Watson and Enkin, 1993).
If the tightest clustering (represented by the k parameter) of the measured directions from both
limbs is between 10-90% unfolding, then it is considered a synfolding remagnetization (Fisher,
1953; Watson and Enkin, 1993). Within 10% or beyond 90% is statistically inconclusive.
Linking the radiometric folding date to synfolding remagnetization is possible because the
* Ar/* Ar method dates illitization that occurs during folding (Fitz-Diaz and van der Pluijm,
2013; Fitz-Diaz et al., 2014 & 2016) as well as remagnetization that also occur during folding

(Nemkin et al, 2016).



The synfolding analysis of deformed carbonates is the focus of this thesis and specifically
applied to carbonates in the North American Cordillera from Canada to Mexico. Fold dating in
the frontal Canadian and Montana Rockies have resulted in Eocene remagnetization ages, based
on comparison with paleomagnetic synfolding results (Chpt. 2) (Enkin et al., 2000; Nemkin et
al., 2016; Pana and van der Pluijm, 2015). To the south, remagnetizations were dated in the
Monterrey Salient and central portion of the Mexico fold-thrust belt (Chpts. 3 & 4). In the
Monterrey Salient a similar Eocene age is found for synfolding remagnetizations (Chpt. 3).
Farther to the south, in central Mexico, a second, Cretaceous synfolding remagnetization is also
preserved (Chpt. 4).

Along with quantitatively dating remagnetizations, an attempt was also made to
determine the primary or secondary nature of orogenic rotation in the Monterrey Salient (Chpt.
3). The paleomagnetic data hints at a rotation, as explained in chapter 3, so calcite twinning was
attempted to test this interpretation. However, after studying numerous thin sections it became
evident that these muddy carbonates do not show any calcite twins, so complementary calcite-
twinning analysis that was successful elsewhere (e.g., Kollmeier et al., 2000; Hnat et al., 2008)
was not pursued further.

The key aspect of the approach is that magnetite needs to grow during folding in order to
preserve a synfolding remagnetization. Instead of less well-constrained regional analyses, local
folds are the target of the studies in this dissertation, in order to determine the age and pre- syn-
or postfolding nature of the remagnetization for each fold. Targeting local folds does limit the
wide-scale sampling of a region, but provides a much higher resolution study of the

deformational and remagnetization history for an area.



Three studies are described in this dissertation, examining aspects of remagnetization and
regional applications, from north to south along the Cordillera. Appendix A includes an
incomplete study in the western US that can be used toward future analysis. Data from published
chapters is and will be publically available in the paleomagnetic MagIC database.

Chapter 2 was published in Lithosphere (Nemkin et al., 2016) and examines samples
from local scale folds within the Mississippian Madison Group of the frontal Montana Rockies.
Directions have ~70° inclinations, which suggest a remagnetization because Mississippian
directions should result in very shallow 0-10° inclinations. Individual and local fold tests
produced pre- and synfolding directions, the synfolding directions further support a
remagnetization of the sampled carbonates. Synfolding results are more inboard and the
prefolding results are a part of the more frontal folds of the belt. This remagnetization is a
product of a chemical growth of magnetite in the samples that formed superparamagnetic (SPM)
and single-domain (SD) grains. Magnetite likely grew as a result of interaction with fluids and
based on magnetic intensity results in the study area, it is suggested that the fluids were more
dominant inboard and diminished towards the east. We surmise that low fluid activity in the
foreland (most eastern sample) did not allow sufficient magnetite to grow and record a stable
direction. By utilizing synfolding results and previously determined deformation ages for the
Rocky Mountains, an Eocene age of the remagnetization can be assigned. Based on the relative
timing of remagnetization, two folding events are determined, folding commenced (i.e.
synfolding magnetization) during a remagnetization event while the most frontal portion was still
undeformed (i.e. prefolding magnetization) and this frontal portion was folded after the

remagnetization event.



Chapter 3 is under review for publication in Tectonophysics and examines the Lower
Cretaceous La Pena-Cupido and La Pefia-Tamaulipas Inferior formations from the Monterrey
Salient. The salient is part of the Mexican Fold-Thrust Belt in Northeast Mexico. Sampling of
local carbonate folds resulted in eight synfolding remagnetizations (set A), one prefolding site
(set B), and three complex results (set B). The complexity surrounding three of the folds is that
the tests reveals k-versus-unfolding percentage diagrams with maximum unfolding peaks at 100
to 130 percent. These high percentages are likely the result of two deformation phases, an earlier
horizontal folding phase and a later vertical rotation. The counterclockwise vertical rotation is
further verified by a declination-strike test of set A and site means that show a departure from
expected directions. A chemical remanent magnetization (CRM) carried by magnetite is
postulated as the remanence carrier. Magnetite is present in the samples in a range of
superparamagnetic (SPM) to single domain (SD) grains. In order to ascertain a remagnetization
age, synfolding results are paired with published *’Ar/*’Ar illite ages of folding, resulting in an
age of 48-52 Ma. Note that results in the central Sierra Madre Oriental to the south of the
Monterrey Salient (see Chpt. 4) also show an Eocene folding and remagnetization age.

Chapter 4, published in Geosphere (Nemkin et al. 2015), examines carbonates of the
Tamaulipas Formation from the central Mexican Fold-Thrust Belt, Mexico. All of the samples
are remagnetized and the remanence is carried by single domain magnetite. This chemical
growth of magnetite is likely the result of rock interactions with an infiltrating Fe-bearing fluid.
Ten individual folds tests throughout the study area produced six synfolding and four postfolding
magnetizations. By combining previously determined *°Ar/*’Ar folding ages with synfolding
results, two distinct remagnetization events are recognized, at ~77 Ma and ~44 Ma. The older

folding and remagnetization occurred in the Zimapan Basin and the younger event (44 Ma) in the



Tampico-Misantla Basin to the west, indicating that deformation traversed from west to east in
the region.

Appendix A is a study of folded carbonate rocks in the ID-WY segment of the Cordillera
that provided limited results. As compared to the expected shallow directions for Mississippian
rocks, the results from Idaho show a clear remagnetization with steeper 60-70° inclinations.
After site selection criteria, one fold in the Idaho portion of the study region provides a
postfolding result. With the exception of two clearly present day field directions from two
Wyoming sites, the remaining directions from Wyoming were considerably more scattered,
leaving only two interpretable sites. The directions from these two sites are of normal polarity
with steep inclinations. However, a more easterly declination (~80°) from one site does not fit
with the expected direction for Wyoming. Given the limited availability of local folds, regional
sampling in the area and comparison with synfolding results to the north (Montana, Chpt. 2) and
south (Mexico, Chpts. 3 & 4) may better constrain the preservation and relative timing of ancient
directions.

Appendix B explores the possibility of remagnetizations in Morocco and, instead, found
primary Permian directions that contribute to our understanding of the Pangea A vs. Pangea B
controversy. This controversy involves the Carboniferous-Early Permian configuration of Pangea
ever since paleomagnetists postulated an overlap of the continents when trying to fit together the
APWP’s of Gondwana and Laurussia. Obtaining ages from the continent of Gondwana itself is
very important because using proxies may have different ages. For example, comparing ~295
Ma rocks from Baltica and ~275 Ma results from Morocco ignores a ~20 myr mismatch. This
may result in an error of up to 8 degrees, given Pangea’s drift of 0.4 degrees per myr during the

Early Permian. The results of this study support previously published directions based on more



precise age determinations (average U/Pb 284.7+6 Ma), which places rock units in the Early
Permian (at the base of the Artinskian Stage). Most of the sites contain hematite as the
remanence carrier and two sites resulted in magnetite carrying the recorded direction. Six sites
have SE declinations and near-zero inclinations. From this study, two conclusions are drawn
involving the inclination and age of the directions. The near-zero inclinations (as well as the
average declination of about 135 degrees from Morocco) are expected from a conventional

Pangea-A fit and the ages place the rocks in the Early Permian.



CHAPTER 2

REMAGNETIZATION AND FOLDING IN THE FRONTAL MONTANA ROCKY
MOUNTAINS!

ABSTRACT

Local-scale folds within the Mississippian Madison Group of the frontal Montana
Rockies preserve pre- and synfolding remagnetization data. Paleomagnetic results display
inclinations of ~70°, in contrast to the expected shallower directions for North American
Mississippian rocks. The magnetization is chemical in origin, preserved in superparamagnetic to
single-domain magnetite grains from fluid activity. Magnetic intensity results in the study area
suggest that mineralization was more prevalent in the interior of the fold-and-thrust belt and
diminished toward the east, resulting in lower intensities from less magnetite growth in the very
frontal portions of the belt into the foreland. Fold test results of individual folds show syn- and
prefolding remagnetizations as a function of location across the belt, with synfolding results in
more westerly locations and prefolding results in the most frontal folds of the belt. By comparing
our synfolding results with previously determined deformation ages for the Rocky Mountains, an
Eocene (53.6 Ma) age for the remagnetization can be assigned. Based on the relative timing of
remagnetization, a spatial pattern of folding in the study area is revealed. Major folding
commenced (i.e., synfolding magnetization) during an Eocene remagnetization event, while the
most frontal portion remained undeformed (i.e., prefolding magnetization) and was subsequently

folded after regional remagnetization.

! Nemkin, S.R., Lageson, D., van der Pluijm, B., and Van der Voo, R., 2016, Remagnetization and
folding in the frontal Montana Rocky Mountains: Lithosphere, v. 8, p. 716-728, doi: 10.1130/L579.1.
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2.1 INTRODUCTION

Remagnetization of carbonates is globally extensive (McCabe and Elmore, 1989; Jackson
and Swanson-Hysell, 2012; Van der Voo and Torsvik, 2012). It is generally inferred that
carbonate remagnetizations are of chemical origin, given that alternative mechanisms (thermal or
viscous) can be rejected based on predicted burial temperatures (Elmore et al., 2012; McCabe
and Elmore, 1989; Font et al., 2012; Zegers et al., 2003). Chemical carbonate remagnetization
can be the result of the growth of magnetite to a stable single-domain state, preserving a
paleomagnetic remanence. Several mechanisms have been proposed as the catalyst for this
pervasive chemical remagnetization in carbonates, including organic matter maturation,
illitization, orogenic fluid movement, and hydrocarbon migration (Katz et al., 1998). Of these
mechanisms, two ideas for the facilitation of chemical remagnetization seem to dominate the
literature, orogenic fluid movement and illitization. In these cases, magnetite authigenesis occurs
during the interaction with orogenic brine, when iron (Fe) is released during the process of
converting smectite to illite, or as a combination of both (Elmore et al., 2012; Evans et al., 2000;
Lewchuk et al., 2003).

Evans et al. (2012) used isotope data as support for a connection between chemically
remagnetized rocks and orogenic fluid movement. Where the rocks were remagnetized, the
isotope data revealed ¥’Sr/*Sr values that were more radiogenic than coeval seawater, suggesting
that the area had experienced diagenetic fluid movement. Where the rocks were not
remagnetized, the ¥’Sr/*¢Sr fell within the range of coeval seawater values, which would suggest
the rocks were unaltered by outside fluids.

Alternatively, during illitization, smectite will transform to illite as temperatures increase

with burial (Altaner and Ylagan, 1997). During illitization, iron is released, and this iron can
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enable magnetite growth (Hirt et al., 1993). Woods et al. (2002) and Gill et al. (2002) supported
illitization-induced remagnetization through a presence-absence test. Both studies looked at
sedimentary rocks in which the occurrence of illite, from clay diagenesis (illitization), was
associated with chemically remagnetized rocks, whereas the presence of smectite was associated
with primary and/or weaker secondary magnetizations (Gill et al., 2002).

The timing of remagnetization in Mississippian carbonates from NW Montana is
examined in this study in order to constrain the paleomagnetic history in the study area and its
relation with deformation. Prior studies in the region have mostly focused on regional sampling
to examine the mechanism and relative timing of magnetization (Eldredge and Van der Voo,
1988; Gill et al., 2002; Elliott et al., 2006; O’Brien et al., 2006, 2007). This study targeted
individual folds to test for synfolding remagnetization and spatial variation of magnetic
intensities in the deformation belt in terms of the relative timing of acquisition.

2.2 GEOLOGIC SETTING

The North American Cordillera extends from Canada to southern Mexico and was
formed by Sevier and Laramide orogen-style deformation from the mid-Mesozoic to Eocene
(Burch el et al., 1992; Dickinson, 2004). The portion of the Sevier orogen in NW Montana crops
out from Glacier-Waterton National Park on the Canadian border to the Helena Salient in west-
central Montana. This study focused on the very frontal segment of the Rocky Mountains in NW
Montana. The frontal Rockies in the study region trend roughly N-S and were previously
delineated into four subbelts with thrusts and associated folds in each section (Mudge, 1970,
1982). K-Ar dates from bentonites and structural evidence in the Montana Rockies indicate that
deformation occurred ~72—54 m.y. ago (Elliott et al., 2006; Hoffman et al., 1976; McMannis,

1965).
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Samples were collected from the frontal portion of the Montana Rockies, where N-S
trending, eastward-verging folds and associated imbricate thrust faults sole into a regional
décollement (Mudge, 1982). The regional décollement in the area dips to the west and progresses
up section from Mesoproterozoic rocks in the west to Cretaceous rocks in the east (Sears, 2001).
In the north, deformation began with emplacement of the Mesoproterozoic Belt-Purcell
Supergroup over Cretaceous sedimentary rocks by the Lewis thrust fault (Willis, 1902; Sears et
al., 2005). Within the frontal segment of the belt, deformation resulted in ~20 large imbricate
thrusts that merge into a décollement in Cambrian shale (Mudge, 1982), including the Allan,
Palmer, Beaver, Norwegian, French, Home, and Diversion thrusts (Lageson, 1987). These thrusts
and folds verge to the east and place Mississippian carbonates over younger Cretaceous
sandstones and shales (Mudge, 1970). Later modification of the Rockies in this area included
Basin and Range extension with reactivation of thrust ramps as normal faults (Fuentes et al.,
2011).

Mesoproterozoic rocks dominate the Montana Rockies except on the very eastern edge,
where Paleozoic and Mesozoic rocks crop out (McMannis, 1965). The paleomagnetic target unit
of this study was the Madison Group, consisting of limestone and dolomite that are typically
thrusted on Cretaceous shales throughout the eastern (frontal) edge of the frontal Rockies. The
Madison Group was deposited on a shallow platform during the Mississippian (359-323 Ma;
Smith et al., 2004). It is estimated that the Madison unit is ~500 m thick in the frontal Rockies
and thins to the east, toward the foreland (Deiss, 1943; Mudge, 1970).

The Madison Group is an unconformity-bounded carbonate unit with two internal
composite sequences (Smith et al., 2004). It is subdivided into the Allan Mountain and Castle

Reef Limestones in the frontal Rockies, which are equivalent to the Lodgepole and Mission
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Canyon Limestones in the foreland (Mudge et al., 1962). The Madison Group has been thrusted
on top of the Cretaceous Kootenai Formation, and both the Sun River and Teton Canyon
transversely cut across the range, allowing for sampling of the folded Madison Group (Lageson,
1987).
2.3 METHODS
Sampling

The Mississippian Madison Group was the target of this study because access to local-
scale folds is possible (Fig. 2.1). Two sites were also collected from the Cretaceous Colorado
Group (HS1 and HS2), but these resulted in spurious demagnetization patterns and will not be
discussed further. From the Madison Group, 17 sites were sampled: 13 from five local-scale
folds (including three fold hinges) and four individual sites. One of the individual sites, SR1, was
collected from a small exposure of the Madison Group in the foreland, also called the Sweetgrass

Arch.

7 I East Glacier Park
U OSR13,14 &
> )

SRI94¢ sR10°&11
"‘.’., LERCR 2. Choteau

l‘Augusta

" ®Hs3&4

® Wolf Creek

Figure 2.1: General outline of the Rocky Mountain region with corresponding field area in the frontal
Montana Rockies (modified from http://geomaps.wr.usgs.gov/parks /province/rockymtn.html). Each
marker corresponds to a sampled fold or individual site. Every fold includes two sites, with some adding a
third site in the hinge. Red marker/text indicates a fold/site that was not interpretable due to spurious
magnetic behavior during laboratory demagnetization.
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The Sweetgrass Arch lies to the east of the Rockies in a relatively flat-lying, broadly uplifted
area. Six to 10 cores were collected per site using a portable Pomeroy EZ Core Drill. A Brunton
compass and inclinometer were used to determine the orientation of the beds, and the azimuth
and plunge of the cores.

Laboratory

Cores were brought back to the University of Michigan and cut with a dual-bladed saw to
2.2 cm specimen lengths. Alumina cement was used to glue broken specimens back together. All
specimens were labeled using Velvet Underglaze nonmagnetic temperature-resistant paint.

A three-axis 2G superconducting magnetometer was used to measure remanent
magnetizations in a magnetically shielded room with a rest field of <200 nT. A trial run with
both alternating field (AF) and thermal demagnetization showed similar magnetic directions
(Fig. 2.2). However, the results with AF demagnetization revealed much smoother decay of the

magnetization for all of the SR sites, which resulted in lower maximum angular deviations for

Up Figure 2.2: Representative
thermal and alternating field
demagnetization plots of the

Madison Formation limestones
in geographic coordinates (IS—
in situ) with corresponding
stereographic projections.
Closed (open) symbols
represent vector end points
plotted in the horizontal
(vertical) plane (Zijderveld,
1967). Numbers on the

t demagnetization plots indicate

degrees Celsius (left) and
alternating field values in mT

(right).

N

270 [ +++++PA+F+ + 4+ ++++[9

E

)

SR5-4a IS

%
3

270 [ ++++++F+F++ H+H+H++++[9

++++++++++]|o

SR5-4a IS S [Down
Scale: le-4 A/m

SR5-4b IS

Scale: le-4 A/m S IDown

SR5-4b IS

15



AF-treated samples as compared to thermally demagnetized samples. Therefore, after the trial
run, AF demagnetization was used to demagnetize the rest of the SR samples, with the exception
of HS3 and HS4, which were thermally demagnetized. In order to reduce the acquisition of a
viscous magnetization, specimens were measured directly after each demagnetization step.

A Lowrie test was performed using an ASC Scientific Impulse Magnetizer to impart a
magnetization on a sample that was then thermally demagnetized. Magnetization was also
applied and then demagnetized with AFs for a partial anhysteretic remanence experiment in
order to examine the magnetic domain state. Magnetic hysteresis loops were acquired using a
Princeton Measurements vibrating sample magnetometer at the Institute for Rock Magnetism in
order to determine the distribution of magnetic coercivities. An AGICO MFK1-FA Susceptibility
Bridge with CS4 furnace was utilized to determine the Curie point of the remanence- carrying
magnetic mineral. Low-temperature measurements were also conducted at Institute for Rock
Magnetism using a Quantum Design Magnetic Properties Measurement System to identify
magnetic mineralogy by observing magnetic transitions and susceptibility dependence over a
temperature range of 20-300 K.

Paleomac software by Cogné (2003) was used to analyze final demagnetization results
with principal component analysis (Kirschvink, 1980). Site means were calculated by averaging
the sample set directions (Fisher, 1953). In orOder to determine the relative timing of
magnetization acquisition (pre-, syn-, or postfolding), the fold test proportionally untilts the fold
limbs from measured bedding dips to horizontal (Tauxe and Watson, 1994; Watson and Enkin,
1993).

2.4 PALEOMAGNETIC RESULTS

This study presents the results of 13 out of 17 sites collected from the Madison Group;

16



the remaining four sites could not be analyzed due to spurious decay. Samples were not
considered for further site analysis if the maximum angular deviation angle was greater than 20°.
The magnetic characteristic directions of sites from the Mississippian Madison Group (HS3-HS4
and SR1-SR15) are shown in Table 2.1.

AF demagnetization of the SR sites revealed two vectors, a likely viscous present-day
field component and the characteristic remanent magnetization (ChRM). The present-day field
component was eliminated by 815 mT, and the characteristic remanent magnetization in the
samples was nearly completely eliminated by 90-130 mT (Fig. 2.3). In the few trial samples that
were thermally demagnetized, the ChRM was unblocked by 400—420 °C. The samples displayed
laboratory heating-induced growth of a new mineral (suggested by a spike in the magnetic
intensity) after heating the samples past 420 °C (Fig. 2.4B). For HS3 and HS4, thermal
demagnetization was used to acquire the ChRM, which, in contrast to the SR sites, had normal
polarity. In order to determine the characteristic direction, a steeper northward and normal-
polarity component was first removed, as seen in Figure 2.3, for the HS and SR sites.

N|Up Figure 2.3:
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| thermal and
alternating field
demagnetization plots
of the Madison Group
limestones in
geographic
coordinates (IS—in
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plane. Numbers on the
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Figure 2.4: (A) Normalized alternating field demagnetization intensity plot for SR4-1 showing near-
complete elimination of the remanence at 90 mT. Mmax—maxi- mum magnetization; M/Max—measured
magnetization divided by the maximum magnetization. (B) Intensity plot showing normalized magnetic
intensity vs. temperature in degrees Celsius. HS4-3a is representative of samples that show a
characteristic spike in magnetization after ~400 °C. (C) Derivative plot of susceptibility vs. temperature
with solid/ dashed line representing heating/cooling curve. Plot depicts a Curie temperature of ~565 °C.
(D) Thermal demagnetization of a three-dimensional isothermal remanent magnetization (IRM) acquired
in an orthogonal system with the applied fields of 1.0 T, 0.3 T, and 0.12 T (Lowrie, 1990).

A three-dimensional isothermal remanent magnetization was applied using an ASC
Scientific Impulse Magnetizer and then demagnetized, revealing goethite by the occurrence of a
highly coercive component and corresponding low unblocking temperature (~120-150 °C).
Continued decay of the other size fractions to ~550 °C supported the presence of magnetite (Fig.
2.4D; Lowrie, 1990). Low-temperature experiments indicated goethite at low temperatures but
not at room temperature, leaving magnetite as the main remanence carrier. Partial anhysteretic

remanent magnetization of a few samples as well as wasp-waisted hysteresis loops revealed a
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larger contribution of superparamagnetic grains as compared to solely single- or multidomain
grains (Fig. 2.5; Tauxe et al., 1996). The following hysteresis parameters indicated a
combination of superparamagnetic and single-domain grains: quality factor (Qf), remanent
magnetization (Mr), saturation magnetization (Ms), coercive remanent magnetization (Brh), and
coercive force (Bc; Fig. 2.6; Table 2.2; Day et al., 1977; Dunlop, 2002a, 2002b; Jackson and

Solheid, 2000). Brh provides an estimate for Ber (remanent coercive force).
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Figure 2.5: (A) Hysteresis loop corrected for diamagnetic and paramagnetic background. (B) Hysteresis
loop corrected for diamagnetic and paramagnetic background. (C) Partial anhysteretic magnetization of
three specimens from the study area. The y-axis is normalized to the highest magnetization measured
(Jmax). AF—alternating field. (D) Plot showing the bulk magnetic susceptibility of representative
samples before being placed in liquid nitrogen, after being place in liquid nitrogen and cooling to ~70 K,
and after warming for 1 h.
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Sites SR2—SR 14 (excluding SR6 and SR12 for spurious behavior) have upward and steep
reversed polarity directions (~—70°), with SW to SE declinations. The two sites from the
Madison Group in the Helena Salient (sites HS3 and HS4) preserve directions to the NW with
normal polarities and steep directions (~+75°). The sampled sites include five local-scale folds.
Three folds (A, D, and E) resulted in synfolding remagnetization directions using the Watson and
Enkin fold test to proportionally untilt the beds, while the other two (folds B and C) preserve
prefolding remagnetizations (Fig. 2.7).

2.5 DISCUSSION

The frontal Rocky Mountains of NW Montana expose folded Mississippian Madison
Group carbonates that allow for paleomagnetic analysis of local-scale folds. As determined with
three-dimensional demagnetization and high-temperature susceptibility experiments of
representative samples, magnetite is the magnetic carrier (Fig. 2.4). The derivative of

susceptibility versus degrees Celsius shows a Curie temperature of ~565 °C (Fig. 2.4C).
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Figure 2.7: (A) Field area with corresponding fold test for each local fold. On each fold test plot, the 99%
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1994).
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The initial field cooling and ferrimagnetic signal after warming during field-cooled—zero- field-
cooled (FC-ZFC) experiments did not show a clear Verwey transition (Fig. 2.8). The initial field
cooling also depicted a hyperbolic positive increase in the magnetization upon cooling to 20 K
due to the overwhelming contribution of the paramagnetic behavior within the samples (Fig.
2.8A). Therefore, the ferrimagnetic component (Verwey transition) was masked by the more
prevalent diamagnetic/paramagnetic signal of the samples during initial field cooling and

suppressed during subsequent warming and cooling curves.
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Figure 2.8: (A) Squares (Js-T) represent the acquired remanence of the sample in a 2.5 T applied field
upon cooling from 300 K to 20 K. (B) Thermal demagnetization of low-temperature remanence for
sample SR5-7e. Field-cooled (FC) remanence was imprinted by cooling in a 2.5 T field from 300 K to 20
K; zero-field-cooled (ZFC) remanence was imparted isothermally at 20 K by application and removal of a
2.5 T field (after zero field cooling from 300 K). Both remanences were measured while warming in a
zero field.

Goethite was also present in the samples, as indicated by the Lowrie test and FC-ZFC
curves. The Lowrie test displayed a highly coercive component that decayed by ~120-150 °C
(Fig. 2.4D; Strangway et al., 1968). The FC-ZFC curves revealed a high magnetization of the FC
curve at 20 K as compared to the lower magnetization of the ZFC curve at 20 K after a room-

temperature magnetic saturation, which is indicative of goethite (Fig. 2.8; Guyodo et al., 2003).
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Magnetite occurred as single-domain grains accompanied by a large superparamagnetic
component in the samples from this study. Partial anhysteretic magnetization of a few samples
indicated a magnetic carrier size dependence in the plot that could represent either a multidomain
or super- paramagnetic/single-domain component. Size dependence was revealed by a peak in
the normalized magnetization of each sample in the AF window 0-50 mT (Fig. 2.5C). Solely
stable single-domain magnetic carriers will have a normalized peak at a higher AF window
(~50—-100 mT; Jackson et al., 1988). The peak in normalized magnetization that suggests a
superparamagnetic/single-domain or multidomain magnetic carrier demonstrates similar
behavior to what is observed in partial anhysteretic plots from the remagnetized Trenton
Limestone in the eastern United States (McCabe et al., 1985).

Wasp-waisted hysteresis plots and results displayed in a Day diagram suggested a large
superparamagnetic component in the samples (Fig. 2.6). A strong frequency dependence from 20
to 300 K also indicated a broad distribution of nanoparticle sizes (Fig. 2.9; Jackson and
Swanson-Hysell, 2012; Worm, 1998). A robust paramagnetic contribution was seen in the
hyperbolic rise of the susceptibility from ~50 to 20 K (Fig. 2.9A) and was removed to observe
the large distribution of nanosizes (Fig. 2.9B). A Curie- Weiss model paramagnetic susceptibility
(k [T] = ¢/[T — ¢]) was constructed interactively and subtracted from the measured
susceptibilities. Bulk susceptibility revealed a large paramagnetic contribution of the samples
after being placed in liquid nitrogen for ~25 min (Fig. 2.5D). This spike in susceptibility of the
samples after being cooled to ~70 K is interpreted to be due to the paramagnetic nature of the
samples responding to the presence of an ambient magnetic field when their thermal barrier was

weakened (Tauxe, 2010).
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Figure 2.9: (A) In- and out-of-phase susceptibility at five frequencies for SR14-3e. Susceptibility as a

result of the application of different frequencies was measured from 20 K to 300 K. (B) Correction for

paramagnetic component that reveals a frequency dependence over the temperature range of 20-300 K,
indicating a broad size distribution of nanoparticles (Jackson and Swanson-Hysell, 2012).

The ChRM observed after removal of the present-day field component is secondary,
given its steeply upward remanence (~70°-75°) as compared to an expected shallower, North
American Mississippian direction (Besse and Courtillot, 2002; Torsvik et al., 2012). Directions
from the Madison Group sampled by O’Brien et al. (2007) also showed steep and upward
directions (~70°) that ranged from southeasterly to south-southwesterly (Fig. 2.10). An imprecise
age range of Late Cretaceous to Eocene can be assigned to the remagnetization event based on
comparison to expected paleomagnetic directions for North America. However, this age can be
further refined by correlating published deformation ages with our reported synfolding
magnetization results. The refined age of the remagnetization is Eocene (53.6 Ma) based on
deformation ages in the Montana Rockies (Elliott et al., 2006; Hoffman et al., 1976; McMannis,
1965), nearby southern Alberta Rockies (Pana and van der Pluijm, 2015), and northern Wyoming

Rockies (Solum and van der Pluijm, 2007).
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Figure 2.10: Stereonet with expected directions and results from this study. The dashed circle represents
the expected Mississippian direction for Montana (determined from Besse and Courtillot, 2002;Torsvik et
al., 2012); solid thick circle represents the expected reversed Late Cretaceous to Eocene direction in the
top plot. The plotted site means represent optimal clustering for each fold (values listed in table) for this
study (black) and that of O’Brien et al. (2007; thicker black lines shown in bottom plot). *HS3/4 is
represented by the inverse of the optimal direction (declination, inclination: 331.1, 75.2).

In the study area, the remagnetization spans a reversal, as seen by down and steep
directions from HS3 and HS4 and up and steep directions from the remaining sites. Samples to
the east of the Rockies deformation front (site SR1) are represented by a clear present-day field
magnetic component and then spurious decay of the remaining magnetization. A similar result
was observed in foreland Cretaceous rocks studied by Gill et al. (2002). Thus, there was not
sufficient magnetite growth to preserve Cretaceous—Eocene remagnetization away from the
orogenic front in the foreland or Sweetgrass Arch.

Both syn- and prefolding remagnetizations were found in the study area by proportionally
unfolding the fold limbs with the Watson and Enkin fold test method (Watson and Enkin, 1993;

Fig. 2.7). When untilting was carried out in an asymmetric fashion, the results stayed synfolding
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in character. All of the fold tests were from outcrop-scale folds, which best allow an incremental
fold test to determine the relative timing of the remagnetization. Folds A, D, and E (tighter folds)
showed synfolding remagnetizations, whereas folds B and C (comparatively more open folds)

preserved prefolding remagnetizations. With incremental unfolding in fold SR10/SR11, the k£ __

(maximum clustering) surpassed 100% unfolding due to a slightly more scattered site average for
SR10. As seen in the stereographic projections for in situ and tilt-corrected data, the directions
from each limb approach each other upon tilt correction, but they do not fully overlap (Fig.
2.7B). Therefore, an eigenvalue and bootstrapping fold test method (Tauxe and Watson, 1994)
was employed, showing that the optimal clustering occurred shortly after 100% unfolding, at
~104%-127% unfolding.

O’Brien et al. (2006, 2007) sampled the same Mississippian carbonates and found pre-
and synfolding and tilting magnetizations in the frontal Montana Rockies. Those authors
conducted a fold test when they were able to sample a fold, and where they could not sample a
fold; they conducted tilt tests for samples taken from local thrusts. Similar to this study, a
synfolding remagnetization was found near fold A (O’Brien et al., 2007). Within the Teton
Canyon (North and South Forks of the Teton River) in the vicinity of folds B and C, O’Brien et
al. (2007) found both pre- and synfolding/tilting magnetizations. A prefolding magnetization was
found in the Teton anticline, i.e., the very frontal portion of the deformation belt, and a pretilting
magnetization was observed in the Teton River thrusts, all comparable to the prefolding results
in the same area from this study. A synfolding magnetization was also found in the Teton
Canyon area, in contrast to the prefolding results from their work and this study (O’Brien et al.,
2006, 2007). Tilt tests for thrusts in the Sun River Canyon (around fold D) revealed syntilting

(O’Brien et al., 2006) and then pretilting magnetizations (O’Brien et al., 2007). This change was
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likely due to an increased number of sites that were measured and analyzed in the later paper.
The pretilting result from the Sun River Canyon is in contrast to the synfolding result from fold
D, likely due to the regional thrust sampling versus local fold sampling of this study.

Other studies in the area used regional tilt tests for Cretaceous-aged thrusts, as opposed to
local-scale folds sampled in the Mississippian Madison Group limestone for this study. Elliott et
al. (2006) found a pretilting chemical remagnetization in Cretaceous carbonate concretions from
three sampled sites in the frontal Rockies near fold D from this study. However, this pretilt result
may not be reliable due to the very few samples used for the tilt test and its regional application.
Gill et al. (2002) also sampled Cretaceous rocks in the frontal Rockies near fold D and found
pretilting or, possibly, early synfolding magnetization in a single regional fold test.

Fold test results in the study area show that folding coincided with remagnetization,
whereas in the very frontal portion of the belt, it post- dated remagnetization. Notably, the
difference between these behaviors correlates with fold style and location in the fold-and-thrust
belt. Where folding postdates remagnetization, folds are open and located in the most frontal part
of the belt, whereas folds formed during remagnetization are well developed, tight, and to the
west of the frontal most portion of the deformation belt. This pattern indicates progressively
younger and less- intense folding from the west to the east, a common observation in foreland
fold-and-thrust belts.

Our interpretation is also supported by higher to lower ChRM magnetic intensity results
from more interior locations to the most frontal locations of the sampled folds. The intensity
values were determined after removal of the present-day field component to reflect the ChRM
within the samples. Folds A and D are more westerly, followed by fold E, and, lastly, by folds B

and C. Measured ChRM intensities are systematically lower toward the east (Fig. 2.11).
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Figure 2.11: (A) Representative hysteresis plots from a sample with synfolding remagnetization,
prefolding remagnetization, and the foreland. (B) Representative fold tests from samples with synfolding
remagnetization and prefolding remagnetization. The x-axis and y-axis of the fold test plots are %
unfolding and k (proxy for kappa), respectively (Fisher, 1953). (C) Average characteristic remanent
magnetization (ChRM) magnetic intensities from each fold. (D) Magnetic intensity of samples in the
study area from each fold after subtraction of the present-day field component, the &y, 5«. SR1* is an

individual site in the foreland.
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Folds A, D, and E show higher intensities, while folds B and C have comparatively lower
intensities. Site SR1, away from the deformation front, has intensities too low for an ancient
magnetization to be observed, extending the pattern of lower/negligible intensities to the east in
the foreland. The ChRM intensity values from site SR4 are lower than the other synfolding sites,
and there is no obvious explanation as to why this occurs. However, the average ChRM intensity
of folds SR3, SR4, and SRS has a relatively high average compared with the other synfolding
sites. In addition, a stronger ferrimagnetic component is depicted in hysteresis loops from folds
A, D, and E as compared to samples from folds B and C, where the diamagnetic signal within the
samples is more prevalent (Fig. 2.11).

According to a study by Hoffman and Hower (1979), maximum burial temperatures in
the area were roughly 100-200 °C. Therefore, a thermoviscous remagnetization is not considered
as the remagnetization mechanism based on the time-temperature relationship of magnetite
(Pullaiah et al., 1975). Instead, the mechanism is interpreted as a chemical remagnetization due
to growth of magnetite. Other paleomagnetic studies in the Montana Rockies have proposed
illitization and fluid flow (+ hydrocarbon migration) for the origin of the remagnetization in the
area. In the study by Gill et al. (2002), illitization of smectite was proposed as the mechanism of
remagnetization, based on the correlation of remagnetization in Cretaceous rocks in the frontal
Rockies with higher percentages of illite, and in contrast, a lack of remagnetization in the
foreland (Sweetgrass Arch), which is associated with higher ratios of smectite to illite. Elliott et
al. (2006) also favored illitization as the mechanism for remagnetization in the area, but they
were unable to constrain the paleomagnetic pole age well enough to conclude whether the
characteristic magnetization was acquired prior to or during illitization. O’Brien et al. (2006,

2007) proposed remagnetization by fluids (including hydrocarbon migration) in the
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Mississippian Madison Group, supported by higher ¥Sr/*Sr values of remagnetized carbonates
and the presence of hydrocarbons in vugs of the Madison Group limestone. We conclude that
rock- fluid interaction and/or an illitization-induced chemical reaction each or both may have
been responsible for the observed remagnetization, with neither mechanism uniquely constrained
by our study and prior work (Gill et al., 2002; O’Brien et al., 2007).

Whereas a single mechanism for the chemical remagnetization experienced by
Mississippian Madison Group limestone may not be discernible, there is clearly an association
with deformation-associated fluid activity. Remagnetizations are a global occurrence; with
individual remagnetization events typically correlated in time with local deformation events
(e.g., McCabe et al., 1989; Stamatakos and Hirt, 1994; Weil et al., 2000; Van der Voo and
Torsvik, 2012). In central Mexico, the Cretaceous Tamaulipas Formation displayed two distinct
remagnetization events (ca. 77 Ma and ca. 44 Ma; Fitz-Diaz et al., 2014) that are correlated with
a progression of deformation and fluid activity from the west to the east in the Sierra Madre
Oriental (Nemkin et al., 2015). Elsewhere in the North American Cordillera, including Wyoming
and Canada, remagnetization events are also Cretaceous to Eocene in age, and associated with
deformation in the area (McWhinnie et al., 1990; Enkin et al., 2000; Cioppa et al., 2004).

In our study area, there is strong evidence that remagnetization progressed from west to
east, weakening toward the foreland. This is recorded by magnetic intensity measurements and
their diminishing values from more westerly folds in the study area to a broadly uplifted
Madison carbonate sequence in the foreland. Folds A, D, and E show higher intensities (more
magnetite growth), while folds B and C are comparatively lower (less magnetite growth). Site
SR1, away from the deformation front, has intensities too low for ancient magnetization to be

preserved, reflecting little to no observed magnetite growth (Fig. 2.11).
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Progression of magnetite growth was likely due to orogenic fluid activity in the Montana
Rockies. In northern Spain’s Cantabrian arc, Weil and Van der Voo (2002) found evidence to
support a tectonically related, fluid-mediated growth of magnetite, which led to pervasive
chemical remagnetizations. Another example of fluid-mediated magnetite growth is the
remagnetization detected in the Devonian Swan Hills Formation of Alberta, Canada (Gillen et
al., 1999). Fluid activity/presence within the North American Cordillera is supported by
strontium isotope data (*’Sr/*Sr), fluid inclusion analysis, and the presence of calcite veins
(Lerman, 1994; O’Brien et al., 2007). We conclude that fluid-mediated growth of magnetite
occurred during the Eocene, based on the correlation of synfolding remagnetization and
previously determined deformation ages in the frontal region of the North American Rockies.
The trend of higher to lower magnetic intensities (i.e., more to less magnetite growth) from the
westerly folds to the foreland suggests that fluid activity was spatially limited, in contrast to
widespread foreland activity in the Appalachians of eastern North America (Stamatakos et al.,
1996; Cederquist et al., 2006; Hnat et al., 2009). Remagnetized rocks are observed in the
Montana Rockies fold-and-thrust belt, but no remagnetization was detected in the foreland,
reflecting the limited extent of fluid activity, mineralization, and chemical remagnetization of the
Madison Group limestone.

2.6 CONCLUSIONS

In the study area, a pervasive Eocene remagnetization is preserved in the deformed
Mississippian Madison Group limestone that constrains the structural and magnetization history
of the Montana Rocky Mountains. Remagnetization records both syn- and prefolding acquisition,
and a pattern of progressively less growth of magnetite toward the foreland. Prefolding

magnetizations indicate a late phase of folding in the most easterly portion of the Montana
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Rockies, as compared to synfolding remagnetizations to the west or more interior of the fold-
thrust belt.

As shown, magnetite growth resulted in a combination of superparamagnetic and single-
domain grains, with a stronger diamagnetic/paramagnetic signal masking the ferrimagnetic
signal in the prefolding sites as compared to synfolding sites. Given the low metamorphic
conditions and likely chemical remagnetization, a local fluid origin is favored over a thermal or
mechanical origin for this event. This fluid acted in a relatively narrow region, as seen by
decreasing magnetic intensities toward the frontal portion of the belt and almost negligible
intensities in the foreland. Therefore, we conclude that the Eocene remagnetization observed in
the Montana Rockies was the result of chemically induced magnetite growth from fluids that
were active during major deformation in the orogenic front, with a trend of decreasing magnetite

growth toward the foreland.
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TABLES

Table 2.1: Paleomagnetic data for samples collected from the Mississippian Madison Group in

the frontal Montana Rockies.

48°9°51.9”

112°52°24.2”

spurious decay did not allow for analysis of site

. IS Mean TC Mean e
Bedding Magnetization | Magnetization Statistics
Site La(?lt\;l)de LO?OngJ;lde n/N | Strike Dip Dec. Inc. Dec. Inc. l::TSC IS:TC
o o 1 47°5°36” 112°3°34.7” spurious decay did not allow for analysis of site
E) 8 2 47°5°36” 112°3°34.7” spurious decay did not allow for analysis of site
o 3 3 47°9°33.5” 112°19°2.5” | 4/6 100.7 58.7 14.3 36.5 161.7 84.0 13.6 | 46.8
4 47°9°35.4” 112°19’ 107 8/8 163.8 26.3 4.6 75.1 288.6 65.1 5.1 117.1
1 47°12°56” 111°11°27” spurious decay did not allow for analysis of site
2 47°31°55.3” | 112°45°29.1” 3/5 158.3 33.0 | 220.6 -45.6 | 180.1 -69.5 74 | 2774
3 47°36°37” 112°44°18.8” 7/9 354.0 32.7 | 2203 -83.0 | 256.2 | -52.0 7.3 69.2
4 | 47°36°36.2” | 112°44°17.97 5/7 190.0 35.0 | 2254 -57.5 11623 | -60.4 6.5 141
% 5 47°36°37” 112°44°18.5” 7/8 238.7 347 | 2074 -71.7 1 170.2 | -43.5 4.4 189.1
% 6 47°37°1.2” 112°43°51.3” spurious decay did not allow for analysis of site
S 7 47°53°17.2” | 112°43°13.5” | 9/11 172.5 46.8 234 -40.8 | 1693 | -68.8 3.9 178.5
S 8 47°53°11.2”7 | 112°42°42.3” 5/8 146.5 25 216.1 -55.3 | 180.8 | -76.1 4.4 | 301.6
g 9 47°53°10.4” | 112°42°31.7° | 4/9 348.0 333 128.7 -56.0 | 188.1 -63.5 109 | 719
S | 10 | 47°53’16.1” | 112°39°24.3” | 8/10 | 359.0 31.8 97.4 -36.1 106.7 | -67.2 6.8 68.3
= 11 47°53°3.5” 112°40°0.1” 4/9 159.0 193 | 2024 -72.3 | 130.8 | -75.5 10.7 | 745
12 | 47°53°11.17 | 112°42°36.8” spurious decay did not allow for analysis of site
13 48°9°56.8” 112°52°21.5” | &/11 321.0 64.5 92.0 -66.3 | 2102 | 419 4.1 181.9
14 | 48°9°50.1” 112°52°23.3” 7/9 204.7 18.3 126.9 -77.6 | 119.8 | -59.5 5.0 148.3
15

Note: n/N—number of samples accepted/measured; IS—in situ; TC—tilt-corrected; a95—radius of 95%
cone of confidence in degrees; k—precision parameter (Fisher, 1953). Tilt correction is 100% untilting.

Strike and dip were measured in degrees using the left-hand rule (LHR). HS1 and HS2 are from the

Cretaceous Colorado Group and resulted in spurious decay. HS3—HS4 and SR1-SR15 are sites collected
from the Madison Group limestone.
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Table 2.2: Hysteresis data of representative samples from the Mississippian Madison Group

limestone.
Sample Qf M, (Am’ kg™) M, (Am’ kg™) Brh* (mT) Bc (mT) M,/M; | Brh/Be
HS4-1a 1.27 2.07 e-5 9.46 e-5 140.46 14.06 0.22 9.99
SR5-1c 1.48 2.51 e-5 6.28 e-5 37.59 14.75 0.40 2.55
SR6-6b 1.67 1.37 e-5 1.19e-4 107.06 10.05 0.12 10.65
SR13-11a 1.90 2.39 e-5 1.35e-4 57.26 10.46 0.18 5.47
SR14-7 2.18 4.15 e-5 2.73 e-4 53.10 10.14 0.15 5.24

Note: Qf—quality factor; Mr—remanent magnetization; Ms—saturation magnetization; Brh— provides
an estimate for Ber (coercivity of remanence); Bc—coercive force.
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CHAPTER 3
CONCURRENCE OF FOLDING AND REMAGNETIZATION EVENTS IN THE
MONTERREY SALIENT (NE MEXICO) ENLARGING THE PALEOPOLE
DATABASE’
ABSTRACT
Carbonate formations from many locales reveal magnetizations that are secondary.
Attaching a numerical age to these magnetizations would provide information on orogenic
processes as well as enhance the paleopole database. To contribute to the effort of
remagnetization dating, Lower Cretaceous formations from the Monterrey Salient in northeast
Mexico, a part of the Mexican Fold-Thrust Belt, were sampled. Individual fold tests reveal eight
site-pair synfolding remagnetizations (set A) of Eocene age. The remanence is a chemical
remanent magnetization (CRM) carried by magnetite. The magnetization of set B is possibly due
to an early carbonate alteration that produced a remanence significantly older than folding. A
complexity of set B is that the site pairs reveal k-versus-unfolding percentage diagrams with
maximum unfolding peaks at 100 to 130 percent. An explanation of multiple deformation phases
with an earlier horizontal folding phase and a later vertical axis rotation is proffered for the past
100% peaks of the B sites. The later deformation, rotations about vertical axes, are revealed by a
declination-strike test in set A sites and site means of the full collection that deviate
counterclockwise from the reference declination. By combining synfolding results with

published *°Ar/*°Ar illite ages of folding, remagnetization ages in set A sites of 48-52 Ma are

2 Nemkin, S.R., Chévez-Cabello, G., Fitz-Diaz, E., van der Pluijm, B., and Van der Voo. in review
Tectonophysics.
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obtained. The magnetization in set B sites is likely older, though not well constrained.
Interestingly, prior results from the central Sierra Madre Oriental, to the south, show two
remagnetization events, Late Cretaceous and Early Eocene in age, in a succession from W to E.
The age of folding and remagnetization acquisition in set A sites along the Monterrey Salient are
concurrent with the frontal, remagnetized folds in the central Sierra Madre Oriental. Thus, the
timing of major remagnetization in the Monterrey Salient occurred in the Eocene adding a well-
dated event to the paleomagnetic database.
3.1 INTRODUCTION

Remagnetization of carbonates has become recognized as a widespread global
occurrence, with many acquired during folding (Elmore et al., 2012; McCabe et al., 1983;
McCabe and Elmore, 1989; Miller and Kent, 1988 Scotese et al., 1982; Stamatakos et al., 1996;
Van der Voo and Torsvik, 2012). Prior attempts to date remagnetization events were
qualitatively done by comparison to an apparent polar wander path (APWP) or an estimated age
range based on conventional fold tests (e.g. Gillett and Karlin, 2004; Scotese et al., 1982). With
recent developments of the *’Ar/*’Ar fold dating technique (Fitz-Diaz and van der Pluijm, 2013;
van der Pluijm et al., 2001), remagnetizations can be quantitatively dated when it occurred
during folding; i.e., synfolding remagnetization. Key to the application of this approach is to
target individual folds in local study areas, instead of a regional application of a fold test. This
technique has been successfully applied to carbonates in the North American Cordillera from
Canada to Mexico (e.g. Enkin et al., 2000; Nemkin et al., 2015; Nemkin et al., 2016; Pana and
van der Pluijm, 2014). For example, in the Sierra Madre Oriental of central Mexico, fold ages

from west (77 Ma) to east (44 Ma) are associated with synfolding remagnetizations (Nemkin et
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al., 2015) and there are likely more carbonate remagnetizations around the world that can be
dated through associated folding.

Well-exposed, folded carbonates are found in the Monterrey Salient of the Mexican Fold-
Thrust belt in northeast Mexico. In this region limited paleomagnetic work has been reported,
with work prior to the 1990’s not recognizing a possible role of secondary magnetizations. In one
of the earliest studies, Nairn (1976) argued for a primary magnetization in Upper Cretaceous,
Lower Jurassic and Upper Triassic rocks. However, the study lacked stratigraphic controls that
might have hinted at remagnetization. Gose et al. (1982) sampled Mesozoic red beds as well as
some limestones and concluded that the magnetizations are primary, based on evidence of
positive fold tests and mixed polarities. The authors note that their results deviate greatly from
the expected North American directions, but attribute this difference to local rotations, which
instead could include remagnetization. Kleist et al. (1984) sampled the Lower Cretaceous Cupido
limestone in NE Mexico and concluded that the magnetization was primary and reflected a
rotation of the Monterrey Salient.

Clement et al. (2000) studied mid-Cretaceous limestones and argued for primary
magnetizations based on comparison to expected inclinations. The declinations vary greatly,
which the authors used as evidence for rotations. Samples from two different canyons in the
south of our studied area (La Boca and Santa Rosa) revealed normal and reversed polarities
(Clement et al., 2000). This result hints that the samples may contain a remagnetization, given
that the formations have been deposited during the long Cretaceous normal polarity chron,
meaning a primary magnetization would not show dual polarities. Publications after 1990 began
to recognize remagnetizations in the Monterrey Salient. Nowicki et al. (1993) reported

synfolding magnetizations to the southwest of our study area.
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The Monterrey Salient was chosen for this study of remagnetizations and folding because
previous paleomagnetic work suggested that the carbonates preserve a magnetization of possibly
secondary origin. In addition, the area provides excellent access to many mesoscale folds,
presenting opportunities to study multiple, individual fold and their fold tests. In support of this
study, folding in the Salient was recently dated by the **Ar/** Ar method as Eocene (48-52 Ma;
Fitz-Diaz et al., 2016), allowing for the quantitative correlation with remagnetization timing.

3.2 GEOLOGY

Tectonic activity along the western margin of North America resulted in Farallon plate
subduction and continuous accretion during the late Mesozoic — early Cenozoic, leading to
Laramide and Sevier style deformation in the North American Cordillera (Armstrong, 1974;
DeCelles, 2004; Dickinson, 2004; Gray and Lawton, 2011). The North American Cordillera
outcrops from Canada to southern Mexico, where its external tectonic manifestation is the
Mexican Fold-Thrust Belt (MFTB; Fig. 3.1). The Sierra Madre Oriental is a local topographic
manifestation of the Mexican Fold-Thrust Belt, which is dominantly an ENE verging thin-
skinned fold-thrust belt (Campa-Uranga, 1983, Guzman and Cserna, 1963). The MFTB is
primarily composed of folded Mesozoic sedimentary units, including Late Jurassic-Early
Cretaceous carbonates, detached from basement units along Middle Jurassic evaporates and
black shale (Guzman and Cserna, 1963; Eguiluz de Antufiano et al., 2000; Fitz-Diaz et al., 2011;
Lawton et al., 2009; Suter, 1987). Regions within the MFTB show varying amounts of
deposition with lateral facies variations, which were controlled by the distribution of Cretaceous
paleogeographical elements. Paleographical features were inherited from the distribution of
horsts and grabens formed during the rifting stage of the Gulf of Mexico in the Middle Jurassic

(Goldhammer, 1999). The succession of rocks deformed in the Monterrey Salient is relatively
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thick, and was deposited mostly in the Central Mexico Basin (Tardy et al., 1975), which was

located between the Coahuila paleo-island and the Valles-San Luis Potosi platform, to the north

and south, respectively. Middle Jurassic evaporites are thicker at the Monterrey Salient area and

die out to the platforms, where the carbonates vary to shallower water platformal facies

(Goldhammer, 1999).
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Figure 3.1: General tectonic map for the North American Cordillera (modified from Armstrong,1974;
Fitz-Diaz et al., 2011). Google Earth image with each marker corresponding to a sampled fold or

individual site in the Monterrey Salient of northeastern Mexico. Every fold includes two sites.

The Monterrey Salient shows abrupt trend changes in the northeastern portion of the

Mexican Fold-Thrust Belt, possibly due to variant stratigraphy and paleogeography (Padilla y

Sanchez, 1982; Prost, 1996, Fig. 3.1). At the salient, the trend of the belt changes northward

from N-S to E-W (Campa-Uranga, 1983). Structural styles also vary based on the lithology,

position around the curvature, and structural setting. In the Monterrey Salient a thick evaporite
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detachment produces large upright, isoclinal folds in the middle of the curvature (Prost 1996;
Camerlo, 1998). Folds become asymmetrical and show vergence to the north on the western side
of the salient (Higuera-Diaz et al., 2005). Similarly, to the south, folds verge to the east and are
associated with frontal thrusts (Chavez-Cabello et al., 2011).

The Lower Cretaceous La Pefia-Cupido and La Pefia-Tamaulipas Formation limestones
are prevalent folded units throughout the Salient. The Cupido Formation is a shallow water
carbonate unit that is interbedded with bentonitic shales (Goldhammer, 1999; Fitz-Diaz et al.,
2016). Deepening of the Cupido followed by widespread platform drowning resulted in the
deposition of the La Pefia Formation (Lehmann et al. 1998, 1999). These thick shallow-water
Cretaceous carbonates are later covered by Upper Cretaceous terrigenous units (Goldhammer,
1999). However, in the southern part of the Monterrey Salient, the Cupido Formation shows
facies variations to deeper water sedimentary conditions. In the Santa Rosa and la Boca canyons
and the Rayones section, the equivalent basinal carbonates (dark gray thinly bedded mudstone)
to the Cupido are locally known as the Tamaulipas Formation (Goldhammer, 1999). In this area,
sample collection was located in the transition between the Tamaulipas Inferior and the La Pefia
Formation.

3.3 METHODS
Sampling

A total of thirty-two sites were collected, twelve sites from km-scale folds in the La Pena-
Cupido Formations in the northern portion of the Monterrey Salient, and twenty in the La Pefa-
Tamaulipas Formations in the southernmost localities (Santa Rosa and La Boca canyons and
road to Rayones) (Fig. 3.1). Samples were collected with a portable Pomeroy EZ Core Drill and

oriented with an inclinometer and Brunton compass. The strike and dip of the sampled beds were
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measured with a Brunton compass using the left hand rule (LHR) convention (fingers point in
strike direction and thumb points down dip). For beds that are overturned, the bedding
information in Table 3.1 reflects the conventions that comply with the Paleomac program by
Cogné (2003).

Laboratory Work

Samples were cut to 2.5 cm length with a dual bladed saw at the University of Michigan
paleomagnetic laboratory. Velvet Underglaze non-magnetic temperature resistant paint was used
to label all of the samples and alumina cement was used when necessary to glue samples back
together. Typically weak remanent magnetizations were measured using a three-axis 2G
superconducting magnetometer. An ASC TD-48 demagnetizer was used to thermally
demagnetize the samples to ~500°C. All specimens were measured and demagnetized in a
magnetically shielded room, with a rest field of 200 nT, to prevent accumulation of any
unwanted viscous magnetization.

Demagnetization data were analyzed with the PaleoMac software by Cogné (2003) and
graphed in orthogonal or stereographic projections (Zijderveld, 1967). Sites were not included
for further analysis if the site k value (Fisher, 1953) is less than 10. Principal component analysis
(PCA) was used to examine the data and the fold test was applied in order to determine whether
the magnetizations were acquired pre-, syn-, or postdeformation (Kirschvink, 1980). The fold
test proportionally untilts the fold limbs from the current configuration to horizontal (0-100%
unfolding) using the field-measured bedding dips (Tauxe and Watson, 1994; Watson and Enkin,
1993). In order to perform a fold test past 100% unfolding a similar method as the one that is
described by Watson and Enkin (1993) is used in Stereonet 9 (Cardozo and Allmendinger, 2013)

to progressively unfold each limb and calculate the k parameter (amount of clustering) after each
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step. Synfolding magnetizations were unambiguously diagnosed for any fold test where the peak
k parameter fell between 10-90% unfolding; these samples are grouped as set A. The convention
for prefolding magnetization is to have a peak k value at ~100% unfolding, whereas post-folding
is around 0 unfolding. For the situation in our study where fold test results reach a maximum k
value outside the window of 0-100% unfolding, these samples are grouped in set B. Both sample
sets have distinct areal distribution in the region and a discussion of possible explanations for
this pattern will be presented in a separate section below-

Three orthogonal magnetizations (120mT, 300mT and 1000mT) were imparted on
selected samples with an ASC Scientific Impulse Magnetizer and then thermally demagnetized
in order to perform a Lowrie test. The remanence carrying magnetic mineral was also determined
by utilizing an AGICO MFK1-FA Susceptibility Bridge with CS4 furnace to determine the Curie
point of the measured samples. Magnetic hysteresis loops were acquired using a Princeton
Measurements vibrating sample magnetometer at the Institute for Rock Magnetism (IRM). Low
temperature measurements were also conducted at the IRM using a Quantum Design Magnetic
Properties Measurement System (MPMS) to measure susceptibility dependence over a
temperature range of 20-300K (Jackson et al., 1993).

3.4 RESULTS

The magnetic directions from 32 sampled sites of the La Pefia-Cupido and La Pefia-
Tamaulipas limestones are listed in Table 3.1. Four sites (2, 8, 9, & 15) could not be analyzed
due to spurious decay of the magnetization and an additional four sites (18, 19, 21 & 23) were
not included in individual fold test analyses due to site-average k values being below the
threshold minimum of 10. Thermal heating to ~500°C was employed to reveal the characteristic

magnetic components, after which typically a spike in magnetization was observed, likely due to
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laboratory-induced growth of magnetic minerals. Most samples display two magnetic

components, the present day field and a characteristic component (Fig. 3.2).
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Figure 3.2: Representative thermal demagnetization plots of the Lower Cretaceous La Pefia-Cupido and
La Pefia-Tamaulipas Inferior formation limestones in geographic coordinates (IS, in situ) (Zijderveld,
1967). Closed (open) symbols represent vector endpoints plotted in the horizontal (vertical) plane.
Numbers on the demagnetization plots indicate degrees Celsius.

The characteristic component is carried by magnetite as indicated by a Curie temp of
~580°C during high temperature susceptibility experiments and a Lowrie test (Fig. 3.3). A sharp
decline of the high coercivity component around 100°C indicates the presence of goethite in
some samples and the continued decay to ~500°C is representative of magnetite. Magnetite in
the samples occurs as superparamagnetic (SPM) and single domain (SD) grains with hysteresis
parameters of Qf: quality factor, Mr: remanent magnetization, Mrs: saturation magnetization,

Brh: median field of the Mrh remanent magnetization, and Bc: coercive force. (Fig. 3.4; Table

3.2) (Day et al., 1977; Jackson and Solheid, 2000; Dunlop, 2002a, 2002b). Brh provides an
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estimate for Ber. Alternating current (AC) susceptibility tests in synfolding samples from the NS

trending portion of the Monterrey Salient show a strong susceptibility dependence from 20-

300K, indicating a very sizeable superparamagnetic component (Fig. 3.5a). In the EW trending

portion of the belt, in the B direction sites, a strong paramagnetic contribution is seen in the AC

susceptibility test (Fig. 3.5).
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Figure 3.3: (A) Thermal demagnetization of a three-dimensional isothermal remanent magnetization
(IRM) acquired in an orthogonal system with the applied fields of 1.0 T, 0.3 T, and 0.12 T (Lowrie,
1990). (B) Derivative plot of susceptibility versus temperature with dashed/solid line representing
heating/cooling curve. Depicts a curie temperature of ~575°C.
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Figure 3.4: Hysteresis parameters with Dunlop
mixing lines for limestone sameples from the
Monterrey Salient (Day et al., 1977; Dunlop,

2002a,b). Qf: quality factor, Mr: remanent
magnetization, Ms: saturation magnetization,
Brh:median field of the Mrh remanent
magnetization, and Bc: coercive force. Brh
provides an estimate for Ber. Hysteresis parameters
are also depicted in table 3.2. Samples were chosen
for the Day plot with a Qf (quality factor) of 1.2 or
higher (Jackson and Solheid, 2000).
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Figure 3.5: (A) In- and out of-phase susceptibility at five frequencies for two samples from the
Monterrey Salient. Susceptibility as a result of the application of different frequencies was measured from
20 to 300 K. Each plot depicts the correction for paramagnetic component that reveals a frequency
dependence over the temperature range of 20-300K. SM4-4e has a broad size distribution of ferrimagnetic
nanoparticles and SM25-5e has a stronger paramagnetic as compared to the ferrimagnetic component
(Jackson et al., 1993). (B) Hysteresis loops of representative samples in study area corrected for
diamagnetic and paramagnetic background with blue/red representing the ferrimagnetic component/error
respectively.

Fold test results across the area produce synfolding or complex results, grouped as set A
and B, respectively, including two regional tests for SM19-23 and SM29/SM30 (Fig. 3.6d).
Optimal directions for the area are upward and moderate to the S-SE or steep to moderate
downward to the N-WNW (Fig. 3.6a). The set A magnetizations span a reversal as seen in
upward directions to the S-SE and downward directions to the N-WNW. All of set B directions
are downward to the N-WNW. We consider the possibility that the anomalous B results may

represent an ancient or remagnetized direction.
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3.5 INTERPRETATION
Rock Magnetism

The La Pefia-Cupido and La Pefia-Tamaulipas Inferior Formation limestones in the
Monterrey Salient of the Mexican Fold-Thrust Belt contain a magnetization that is carried by
magnetite as determined by three-dimensional demagnetization of an IRM (Fig. 3.3a). Magnetite
is also shown with a derivative of susceptibility versus degrees Celsius experiment that reveals a
Curie temperature of ~580° (Fig. 3.3b; Lowrie, 1990). A Day plot depicts a mix of this magnetite
in superparamagnetic (SPM) and single domain (SD) grains (Table 3.2; Fig. 3.4).

A strong frequency dependence, as seen in Fig 3.5a, also supports a broad distribution of
SPM-SD particle sizes (Jackson and Swanson-Hysell, 2012; Worm, 1998). There is a large

paramagnetic component, but it is removed interactively with a Curie-Weiss model paramagnetic
susceptibility (k (T)=c/(T-0)). Therefore, a large SPM contribution is seen when samples are

significantly influenced by frequency changes for the in-phase susceptibilities after removal of
the paramagnetic factor. Figure 3.5b does show a very minor frequency dependence, but here the
paramagnetic signal is still very strong even after using the Curie-Weiss Model based on the in-
phase susceptibility falling below the out of phase susceptibility (Worm, 1998). The mix of
superparamagnetic to single domain grain sizes is an expected occurrence for remagnetized
carbonates from the growth of magnetite (Jackson and Swanson-Hysell, 2012; Suk and
Halgedahl, 1996; Xu et al., 1998). There is another pattern observed in the magnetization
between the NS trending and EW trending portion of the belt. The magnetizations in the northern
folds (set B) of the Monterrey Salient show overall weaker signals in ferrimagnetic strength from

hysteresis plots as compared to the synfolding sites of set A (Fig. 3.5b).
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Directional Analysis

Two consistent vectors are seen throughout analysis of samples, a present-day field
component to the north and down, and a characteristic component. Characteristic directions are
to the WNW-N with downward polarities and S-SE with upward polarities (Fig. 3.6a). The
present-day field vector is strong as seen in a viscous remanent magnetization experiment by
Schottenfels (2015). In that study, the shielded room provided a relatively field free environment,
where after a few weeks and a measurement once a week, there was no longer any change in the
magnetic intensity. The samples are then kept outside of the shielded room in the presence of a
geomagnetic field over a span of a few weeks and measured once a week, which resulted in a
clear increase in the intensity. Subsequently, the samples are placed back in the shielded room
where the earlier intensity gain was then decaying.

Fold Test Analysis

Multiple synfolding magnetizations are documented in the Monterrey Salient by stepwise
untilting both limbs of the limestone folds with the Watson and Enkin fold test method in the
PaleoMac program (Cogné, 2003; Watson and Enkin, 1993). For the site-pairs that anomalously
reach a peak of percent unfolding outside the zero to one hundred window, the Stereonet 9
program was used to incrementally unfold the limbs past 100% unfolding (Cardozo and
Allmendinger, 2013).

Most of the fold tests are from large outcrop scale folds where limbs and fold axial planes
are clearly identified, but two tests consist of a regional application where a local fold test could
not be performed. Synfolding magnetizations were found in eight well-behaved folds (seven
local and one regional) and arrive at synfolding results that have a parameter peak between 10-

90% unfolding (Fig. 3.7). The SM19-23* fold test is kept in this synfolding A-group because the
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optimal clustering peak is outside the range of 90-100% unfolding.
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Figure 3.7: Set A fold tests from the Monterrey Salient. On each fold test plot, the 99% and 95% bars
indicate the level of significance of the k ratio with respect to the kmax (precision parameter that is a
proxy for kappa, a measure of the dispersion of a population that describes maximum clustering) (Fisher,
1953). * Indicates a regional application of the paleomagnetic fold test.

Low site k values from SM18, SM19, SM21, and SM23 did not allow for the completion

of local, individual fold tests. However, with oppositely dipping limbs in the area, two regional

fold tests were completed. A fold test was conducted for SM30 with a nearby oppositely dipping

limb (SM29). For SM19-23, the low k-value sites (19, 21, and 23) were all dipping the same way

and a fold test could only be completed by combining the few samples from each low k-value
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site together to use for a regional test with SM20 and 22.

From fold test results, two different characteristic directions are observed, slightly steeper
directions from the set B sites and comparatively shallower directions for set A sites. The
average direction for set-A synfolding sites falls near the expected Eocene direction for this
location, which constrains a remagnetization age for these samples. The expected directions for
the Cretaceous are very similar, but synfolding results prove that this magnetization is a
remagnetization in these Lower Cretaceous carbonates. A trend is also observed in the intensity
of the ferrimagnetic signal between the set B and set A sites. The B set of magnetizations shows
overall weaker signals in the ferrimagnetic strength from hysteresis plots as compared to the
remagnetized synfolding A sites (Fig. 3.5b). In hysteresis plots from the B sites, the
paramagnetic contribution from the sample dominates the measured signal, resulting in large
errors that overwhelm the very weak ferrimagnetic signal.

The anomalously behaved k-versus-unfolding sites

As mentioned earlier, four site pairs (3 local and 1 regional) (Fig. 3.8) do not behave
according to expectations. We consider these set B pairs uncharacteristic. The atypical results
reach a maximum peak of k past 100%. Because such anomalous results require some searching
for plausible explanations, we devote here a brief session to this intriguing aspect.

When k-versus-unfolding percentage peaks are outside the conventional 0-100% window,
the diagrams must be extended beyond 100%, labeling them anomalous. In fact, because the k-
versus-% unfolding diagrams look like prefolding diagrams, it is tempting to attribute the higher
maximum percentages to statistical complexities or the field setting. However, peaks at 100 to
130 percent in three site-pairs may remain unexplained that way. Instead we offer an alternative

interpretation involving interacting deformation phases, an earlier folding phase and a later
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rotation, which affected the simplistic unfolding in a fold test. Evidence for this secondary

rotation is discussed below.
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Figure 3.8: Set B fold tests from the Monterrey Salient. One fold test (SM29/30%) is done in the
Paleomac program that proportionally unfolds the limbs of the fold from 0-100% (Cogné, 2003; Watson
and Enkin, 1993). Fold tests are completed for the other three folds by using the Stereonet program to
unfold the limbs past 100% (Cardozo and Allmendinger, 2013; Watson and Enkin, 1993). * Indicates a
regional application of the paleomagnetic fold test.

Monterrey Salient Rotation

Prior studies in the salient have mentioned counterclockwise (CCW) rotations of the belt,
some as large as 130° (Gose et al., 1982; Nowicki et al., 1993; Urrutia-Fucugauchi, 1981). To
test the nature of curvature of the Monterrey Salient, synfolding directions of set A are plotted

versus regional strike (Eldredge et al., 1985). A trendline is used to evaluate secondary curvature

with a linear best-fit line through the data. A slope of 1 represents full oroclinal bending (also
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called secondary curvature) and a slope of 0 indicates primary curvature. Intermediate values
signify varying degree of secondary curvature.

The declinations used are the averages of synfolding set A directions from the NS
segment of the study area (SM 4-11), the average of the transition zone (SM 12-13 & 19-23), and
the direction from the EW portion (SM 31-32). Only the synfolding result is utilized from the
EW segment of the study area. The slope of the best-fit line is .67, representing significant
secondary rotation (Fig. 3.9). Optimal directions in stereographic projection show similar large
CCW rotation for the B directions from the Eocene declination for Mexico (Fig. 3.6). Therefore,
secondary rotations are preserved in the data, both for set A and set B samples, with a large
CCW rotation of the today’s EW trending portion of the salient. It can be concluded that rotation
of a portion of the salient is significant, implying that some deformation must have occurred in

response to the rotation.
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Remagnetization Age

Only an imprecise age can be assigned to the remagnetization event observed in the
southern folds in the study area based on a comparison to expected directions, calculated from
the lengthy and rather feature less reference APWP. This, in turn, yields an imprecise age
estimate as young as Eocene for these Lower Cretaceous limestones (Besse and Courtillot,
2002). However, from ages obtained using *’Ar/*’Ar fold dating on sampled folds in the
Monterrey Salient, a quantitative age of 48-52 Ma can be assigned to synfolding
remagnetization, placing it in the Eocene. Linking the measured deformation date to
remagnetization is possible because the *°Ar/*’ Ar method is dating illitization that occurred
during folding (Fitz-Diaz and van der Pluijm, 2013; Fitz-Diaz et al., 2014 & 2016). If
magnetization acquisition happened during folding, then remagnetization and illitization
occurred simultaneously during folding. Set A sites with synfolding directions have upward S-
SE and downward WNW-to-N directions indicating that the remagnetization spanned a reversal
in the Early Eocene. Fold dating in the northern folds of the study area produced an age of ~52
Ma, of which the magnetization of B sites much be older (Fitz-Diaz et al., 2016).

Eocene remagnetization observed in the southeastern Monterrey Salient was also seen in
central Mexico, east of Mexico City, in the Sierra Madre Oriental (SMO). Similar deformation
ages were obtained from fold dating in the Monterrey Salient and frontal, eastern folds of the
SMO in central Mexico (Fitz-Diaz et al., 2016). Also, two remagnetization events were found in
the SMO of central Mexico (Late Cretaceous and Early Eocene); comparable to the set-A
remagnetization of this study area within a similar range of frontal deformation ages in central

Mexico.
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Based on the presence of SPM-SD magnetite and predicted burial temperatures, the
remagnetization is interpreted to represent fluid-mediated chemical authigenic growth of
magnetite. Elsewhere in the frontal North American Cordillera, in Montana and Canada,
remagnetizations of Eocene age are also observed to be associated with deformation-mediated
fluid presence (Enkin et al., 2000; Cioppa et al, 2004; Nemkin et al., 2016) as well as many
global examples (e.g., Evans et al., 2000; Evans et al., 2012; Zechmeister et al., 2012; Zegers et
al., 2003; Zwing et al., 2009). Maximum burial temperatures in the study area were roughly 150-
200° C, implying that a thermoviscous remagnetization in the area is not likely, given the time-
temperature relationship of magnetite (Gray et al., 2001; Guzzy-Arredondo et al., 2007, Pullaiah
etal., 1975).

3.6 CONCLUSIONS

Synfolding results (set A samples) are found in the La Pefia -Cupido and La Pefia-
Tamaulipas limestones from the Monterrey Salient, with directions representing a
remagnetization in the Eocene. The remagnetization age in synfolding sites is constrained by
previously published fold ages of 48-52 Ma in these Early Cretaceous limestones (Fitz-Diaz et
al., 2016). Four fold test results (set B) in the northernmost area are complex and may represent
an earlier magnetization than the set A remanence. Of these sites, optimal directions acquired
after 100% unfolding may reflect the effects of a late rotation after magnetization acquisition.
This later deformation event is well preserved in set A samples as vertical-axis rotation of the
belt, and is also observed in set B samples as a CCW rotation in the northern segment of the
study area.

The remagnetization mechanism in the area is likely fluid-mediated growth of magnetite

that resulted in superparamagnetic to single domain magnetite grains. The timing of the last
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remagnetization in the Monterrey Salient of northern Mexico (48-52 Ma) falls within the range
of that for the frontal portion of the Sierra Madre Oriental in central Mexico (~44 Ma; Nemkin et
al., 2015). Subsequent to Eocene synfolding remagnetization, the northern area underwent
counterclockwise rotation that produced the characteristic oroclinal structure of the Monterrey

Salient.
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TABLES

Table 3.1: Paleomagnetic data for Lower Cretaceous La Pefla-Cupido and La Pefia-Tamaulipas

Inferior formation samples collected from the Monterrey Salient in NE Mexico.

IS Mean

TC Mean

Bedding Magnetization | Magnetization Statistics
Site La(?;‘;de L"Z‘Ogv‘;;'de n/N | Strike | Dip D(ﬁ)c‘ I(‘:; D(S)c‘ I('Z; a95iserc | Kisare
1 24°44°52.7” 99°47°38.2” 8/8 136.0 52.0 2234 | 229 | 216.8 | -74.8 3.0 349.4
2 24°43°53.8” 99°51°44.3” Chaotic decay did not allow for site analysis
3* | 24°43°40.5” 99°53°17.3” 6/8 340 1247 | 3049 | -15.5 | 346.9 37.5 5.6 146.7
4 24°54°34.8” 99°56°17.9” 7/8 153.5 56.5 188.7 | -22.5 | 1515 | -41.0 6.4 89.5
5 24°54°35.97 99°55°27.0” 7/8 140.8 72.4 1942 | -264 | 119.8 | -55.1 9.7 40.1
6 24°54°35.97 99°55°27.0” 7/8 323.2 65.7 166.0 | -454 | 192.8 -2.6 7.4 67.6
7* | 24°55°48.8” 99°54°6.9” 5/8 3415 | 1154 | 121.7 0.3 1809 | -35.5 19.7 16.1
8 25°2°33.9” 99°59°8.2” Chaotic decay did not allow for site analysis
9 25°2°33.9” 99°59°8.2” Chaotic decay did not allow for site analysis
10 25°2°33.9” 99°59°8.2” 5/7 168.7 74.2 172.0 | -523 | 1177 | -144 16.7 21.9
11*¥ | 25°2°31.9” 99°56°15.0” 6/8 3158 | 138.6 | 113.7 | -184 | 164.2 0.0 10.7 39.9
12 | 25°29°11.9” | 100°21°48.0” 5/8 110.6 74.5 1779 | -299 | 72.1 -64.7 11.1 48.8
13 | 25°29°11.9” | 100°21°48.0” 6/8 320.0 58.4 1643 | -59.6 | 201.3 | -16.0 17.4 15.8
14 | 25°33°14.3” | 100°23°37.7” 8/8 121.6 51.0 201.7 | -38.3 | 1238 | -823 7.6 54.0
15 | 25°33°14.3” | 100°23°37.7” Chaotic decay did not allow for site analysis
16 | 25°34°59.0” | 103°37°21.1” 5/9 116.6 78.5 185.6 | -36.0 | 60.9 -59.0 16.8 21.6
17 | 25°34°59.0” | 103°37°21.1” 4/8 296.7 87.3 182.8 | -36.5 | 179.3 44.9 16.6 31.6
18 | 25°36°43.9” | 100°48°50.3” 5/6 250.3 79.4 185.6 9.6 2504 65.0 34.0 6.0
19 | 25°22°16.9” | 100°18°44.1” 3/8 128.8 63.8 3574 43.1 | 2713 524 45.9 8.3
20 | 25°23°13.2” | 100°18°11.1” 9/9 297.2 54.0 256.3 37.5 | 3145 51.1 8.3 39.0
21 | 25°23°14.9” | 100°14°60.0” 4/8 121.6 65.6 13.6 -12.6 4.2 49.0 42.2 5.7
22 | 25°24°15.9” 100°15°5.3” 11/12 | 301.1 69.5 241.0 19.5 | 3043 61.9 9.9 223
23 | 25°23°14.9” | 100°14°60.0” 7/8 118.1 55.8 285.0 | -68.7 2.0 -36.3 38.0 4.1
24 | 25°27°56.6” | 100°26°18.6” 5/8 1114 75.1 3527 | -30.6 | 339.2 52.0 12.5 59.3
25 | 25°28°46.6” | 100°25°24.8” 5/8 309.3 79.3 252.2 8.6 336.6 52.7 11.4 71.0
26 25°23°8.47 100°47°47.5” 7/7 80.1 69.0 3147 | -104 | 2932 47.2 6.2 80.8
27% | 25°25°1.8” 100°48°20.7” 6/8 233.0 | 1099 | 1727 9.1 282.1 41.7 9.1 45.7
28 | 25°33°13.0” | 100°38°44.8” 5/8 86.1 67.4 331.1 -7.6 | 307.7 55.9 5.5 155.1
29 | 25°32°49.4” | 100°38°44.4” 6/9 269.3 87.6 201.9 174 | 3163 574 5.3 133.6
30 | 25°34°58.6” | 100°47°18.4” 8/8 60.2 37.9 168.2 | -38.2 | 1994 | -713 34 273.0
31 | 25°13°37.7” 101°1°41.9” 7/8 53.9 50.9 299.9 425 | 2154 71.6 7.8 60.6
32 | 25°13°504” 101°1°59.1” 3/9 238.8 78.8 247.8 55.5 | 2947 4.2 24.6 26.1

Note: n/N, number of samples accepted/measured; IS Dec., In situ declination; IS Inc., In situ inclination;
TC Dec., Tilt-corrected declination; TC Inc., Tilt-corrected inclination; a95, radius of confidence circle in
degrees; k, precision parameter (Fisher,1953). Tilt-correction is the full correction (past 100%) for 24-30
and 100% un-tilting for the remaining sites. Strike and dip are measured in degrees using the left hand
rule (LHR). * indicates overturned bed and strikes are rotated 180 degrees to comply with Paleomac
conventions (Cogne, 2003). Gray shading indicates a site that was not used in further analysis because the
site k value is less than 10.
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Table 3.2: Hysteresis data of representative samples from the Lower Cretaceous La Pefia-

Cupido and La Pefia-Tamaulipas Inferior formations collected from the Monterrey Salient in NE

Mexico.

Sample Qf M, (Am* kg™) M, (Am’ kg™) Brh (mT) Bc (mT) M,/M; | Brh/Be

SM1-1 2.38 1.35e-03 3.47e-03 153.24 65.98 0.3888 2.3225
SM1-4d 1.37 1.18e-04 5.39e-04 30.57 10.12 0.2189 3.0208
SM4-3b 1.91 6.40e-5 7.068e-4 3091 4.47 0.0905 6.9150
SM4-4d 1.40 2.47e-05 4.41e-04 54.65 3.51 0.0560 | 15.5698
SM5-7a 2.23 8.35e-05 4.68e-04 121.05 24.48 0.1784 | 4.9449

SM6-4 2.47 8.18e-04 3.44e-03 59.81 26.25 0.2381 2.2785
SM9-6a 2.40 1.78e-5 3.948e-4 64.54 2.87 0.0451 | 22.4878
SM10-4a 1.86 7.01e-05 5.82e-04 72.97 9.66 0.1205 7.5538
SM11-7b 1.57 3.61le-5 2.69¢-4 20.93 6.13 0.1342 3.4144
SM13-3b 1.84 6.39e-05 1.34e-04 364.76 203.10 0.4787 1.7960
SM22-6b 1.38 6.80e-6 5.564e-5 164.99 8.07 0.1222 | 20.4449
SM24-2a 1.66 1.40e-05 7.47e-05 62.83 8.26 0.1875 7.6065
SM26-3a 1.45 9.34e-6 9.264e-5 275.01 10.48 0.1008 | 26.2414
SM29-2a 1.98 4.28e-05 1.78e-04 70.18 21.34 0.2404 3.2887
SM31-4b 2.18 7.63e-05 2.79e-04 44.42 31.49 0.2736 1.4106

Note: Qf—quality factor; Mr—remanent magnetization; Ms—saturation magnetization; Brh— provides
an estimate for Ber (coercivity of remanence); Bc—coercive force.

Table 3.3: Values that represent the kmax, percent unfolding, and optimal directions obtained
after the paleomagnetic fold test for samples from the Monterrey Salient.

Fold kmax | % Unfolding Declination (°) | Inclination (°)
4/6 81.8 35 181.0 -33.0
4/7 34.7 80 161.9 -40.2
5/6 49.6 25 182.4 -38.8
5/7 20.6 70 153.1 -49.6

10/11 23.8 40 138.9 -35.6

12/13 234 25 356.9 49.3

19-23* 24.3 80 291.5 60.7

24/25 80.8 125 337.9 52.4

26/27 55.6 110 287.9 44.8

28/29 147.2 110 312.3 56.8

29/30* 29.2 95 339.6 71.8

31/32 37.9 30 286.3 533

Note: *Represents a regional application of the fold test.

57




CHAPTER 4

DATING SYNFOLDING REMAGNETIZATION: APPROACH AND FIELD
APPLICATON (CENTRAL SIERRA MADRE ORIENTAL, MEXICO)®

ABSTRACT

Growth of magnetite has been variably linked to fluid-bearing events or clay diagenesis,
and the development of a chemical remagnetization as a result of such events. In this study we
examine remagnetized carbonate rocks from the central Sierra Madre Oriental (the Mexican fold-
thrust belt) in order to develop a method for dating synfolding remagnetizations. By combining
*Ar/* Ar deformation ages with new paleomagnetic results, we present a quantitative method for
absolute dating of synfolding remagnetization. We find that the history of the central Sierra
Madre Oriental involved two separate remagnetization events in our study area; synfolding
remanence acquisition ca. 77 Ma (Late Cretaceous) in the Zimapan Basin and a younger
synfolding remagnetization event ca. 44 Ma (mid-Eocene) in the Tampico-Misantla Basin. The
growth of magnetite leading to chemical remagnetization detected in these limestones is
interpreted as the result of rock interactions with an Fe-bearing fluid.
4.1 INTRODUCTION

Carbonates that contain interlayered shales with radiometrically datable authigenic illite
present an opportunity to directly determine the age of syn-folding paleomagnetic

remagnetizations. By combining radiometric Ar/Ar dating of illitization in folds and thrusts with

3 Nemkin, S.R., Fitz-Diaz, E., van der Pluijm, B., and Van der Voo, R., 2015, Dating synfolding
remagnetization: Approach and field application (central Sierra Madre Oriental, Mexico): Geosphere, v.
11,p 1-12, doi: 10.1130/GES01187.1.
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synfolding remagnetization, an absolute age for synfolding remagnetizations can be determined.
Prior to this study, the common way to date a remagnetization event was qualitatively, through
comparison of a determined magnetic direction to the apparent polar wander path of the region.
In deformed areas, the age range of the remagnetization episode can be estimated relative to
folding, through application of the paleomagnetic fold test (Facer, 1983).

Tohver et al. (2008) dated remagnetization events in the Cantabrian- Asturian Arc
(northwestern Spain) by applying Ar/Ar dating to clays collected from the area. The clays were
associated with limestone layers that had undergone three remagnetization events (Weil et al.,
2000). Tohver et al. (2008) obtained three different ages with this technique; however, one age
was out of sequence with the predetermined order of remagnetization events.

Remagnetization in carbonates typically occurs by the growth of superparamagnetic to
stable single-domain magnetite from the release of iron (Fe) during mineral reactions or from the
introduction of an Fe-bearing fluid (Elmore et al., 2012; Evans et al., 2000; Lewchuk et al.,
2003). For example, during illitization, smectite transforms to illite, releasing Fe as temperatures
increase with burial (Altaner and Ylagan, 1997). The growth of magnetite into a stable single-
domain structure allows a remanent magnetization to be acquired, resulting in a chemically
remagnetized unit (Hirt et al., 1993; McCabe et al., 1989).

Katz et al. (1998) presented evidence of a strong or detectable chemical remagnetization
in the limestone-marl sequences of their study area, the Vocontian Trough (southeastern France).
This remagnetization is only present where there is also evidence of clay diagenesis. This
hypothesis was further supported by Katz et al. (2000), Gill et al. (2002), and Woods et al.
(2002). The occurrence of illite is associated with chemically remagnetized rocks in these

studies, and the presence of smectite is associated with primary magnetizations or comparatively
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weaker chemical remagnetizations. Elmore et al. (2001), Evans et al. (2000), and Zegers et al.
(2003) also presented evidence for the link between Fe-bearing fluid (Mississippi Valley—type
and orogenic) movement and the growth of magnetite; they used fluid inclusions and stable
isotope data to correlate the presence of remagnetized rocks with evidence of fluid migration.
Thus, while the growth of magnetite has been well studied, dating of remagnetization events
remains a challenge; the latter provided the motivation for this study.

Illitization from smectite or illite precursors is common in naturally de- formed rocks
(e.g., Vrolijk and van der Pluijm, 1999), offering the potential for radiometric dating of
deformation (van der Pluijm et al., 2001). Illitization associated with flexural folding of
carbonate-shale successions in the study area (central Sierra Madre Oriental, Mexico) was
examined (Fitz-Diaz and van der Pluijm, 2013; Fitz-Diaz et al., (2014). Scanning electron
microscopy, X-ray diffraction, stable isotope, and geochronological analyses of samples from
several folds showed that illite grew along shear-related horizons during folding. The studied
clay samples in central Mexico were collected along the same Aptian—Albian shale horizon and
in all cases these samples provided well- defined Ar-Ar illite ages that were younger than
deposition. This is in good agreement with textural observation showing only one generation of
authigenic illite in these rocks (Fitz-Diaz et al., 2014).

By combining newly determined ages of illitization in folds with new paleomagnetic
results in Mexico’s central Sierra Madre Oriental, this study demonstrates the ability to associate
a radiometric age with synfolding remagnetizations. Extensive work has shown that many
carbonates around the world have been remagnetized (Jackson and Swanson-Hysell, 2012;
McCabe and Elmore, 1989; Van der Voo and Torsvik, 2012), highlighting the potentially wide-

scale application of this approach.
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4.2 GEOLOGIC SETTING

The specimens analyzed for this study are carbonate successions from the Tamaulipas
Formation in the Sierra Madre Oriental (central Mexico). From the structural point of view, the
Sierra Madre Oriental is an east-northeast— verging thin-skinned fold-thrust belt, also known as
the Mexican fold-thrust belt. It is ~100-250 km wide, thinning to the southeast and dominated by
Cretaceous carbonates (Fitz-Diaz et al., 2011a; Guzman and de Cserna, 1963). The study area
spans four Cretaceous paleogeographical areas: the Zimapan and Tampico-Misantla Basins and
the Valles—San Luis Potosi and El Doctor Plat- forms. The El Doctor Platform is thrusted by the

Toliméan Sequences on the western side of the study area (Fig. 4.1).
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Figure 4.1: (A) General tectonic map for western North America with location of study area. MGP—
Morelos-Guerrero Platform; SMF—San Marcos fault; MFTB—Mexican fold-thrust belt (red shaded
area); MSMS—Mojave-Sonora megashear (modified from Armstrong, 1974; Fitz-Diaz et al., 2011a). (B)
Field photograph showing example of a studied fold (sites 24 and 25). (C) Geologic map of study area
with basins and platforms labeled (modified from Fitz-Diaz et al., 2012). Valles-SLP—Valles—San Luis
Potosi Platform.
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The highs and lows related to the carbonate basins and platforms were created in the
Jurassic with the opening of the Gulf of Mexico, resulting in basin- and-range—type extension
(Carrillo-Martinez et al., 2001; Gray et al., 2001). The carbonates were deposited in the
Barremian—Cenomanian and the basinal deposits are characterized by deep-water muddy
carbonates, whereas the platform rocks are fossiliferous shallow bank deposits (Imlay, 1944;
Suter, 1987). Deformation of the area occurred during the Late Cretaceous to Paleogene, with the
basins dominated by folding and intense water-rock interaction (see Fitz-Diaz et al., 2011b, for
details); while the platforms were thrust dominated and showed much less fluid-rock interaction
(Aranda-Gomez et al., 2000; Fitz-Diaz et al., 2012).

Deformation in the central Sierra Madre Oriental was dated (Fitz-Diaz et al., 2014) using
the Ar/Ar illite dating technique; that study targeted fold and thrust dating in the region. The
absolute age of folds was determined by clay grain-size separation, illite polytype
characterization, and 40Ar/39Ar dating of multiple size fractions (Fitz-Diaz and van der Pluijm,
2013; Haines and van der Pluijm, 2008). Ages of thrusting were determined for the Tolimén
Sequences (83.5 + 1.5 Ma) on the western edge of the study area, the western and eastern
Zimapan Basin (82 = 0.5 Ma and 76.5 &+ 1.0 Ma, respectively), and the western and eastern
Tampico-Misantla Basin (64 = 2.0 Ma and 43.5 + 0.5 Ma, respectively); see Figure 4.2 for
details (Fitz-Diaz et al., 2014). The ability to successfully date mesoscopic folds made this an
ideal area to test the feasibility of absolute dating of synfolding remagnetizations.

4.3 METHODS
Sampling
Twenty-eight sites from the Barremian—Cenomanian Tamaulipas Formation were

sampled in the central Sierra Madre Oriental (Mexican fold-thrust belt) (Fig. 4.2). The

62



Tamaulipas Formation is the focus of this study because of the accessibility and large-scale areal
extent of this unit. Local-scale folds were targeted and 6—10 samples were collected per site
using a portable Pomeroy EZ Core Drill. A Brunton compass and inclinometer were used to
determine the azimuth and plunge of the core samples and the orientation of the beds.
Laboratory

Cored samples were cut to 2.2 cm length with a dual bladed saw at the University of
Michigan. Broken samples were glued back together with alumina cement and all specimens
were labeled with Velvet underglaze nonmagnetic temperature-resistant paint.

All specimens were measured and demagnetized in a magnetically shielded room, with a
rest field of <200 nT, to minimize accumulation of any viscous magnetization. Remanent
magnetizations were measured using a three-axis 2G superconducting magnetometer. Specimens
were thermally demagnetized using an ASC TD-48 demagnetizer after trials revealed that a
separate magnetic vector did not always become apparent when using the alternating field
demagnetization technique. Thermal treatment revealed two magnetic components, whereas
alternating field demagnetization revealed only one. The specimens were heated to ~420 °C,
after which we typically observed a spike in magnetization intensity, due to growth of a new
mineral. Results from the demagnetization process were analyzed with the Paleomac software by
Cogné (2003) and graphed in orthogonal or stereographic projections (Zijderveld, 1967).
Principal component analysis was used to analyze the demagnetization data and the fold test was
applied in order to determine the relative timing of magnetizations; i.e., prefolding, synfolding,
or postfolding (Kirschvink, 1980; Tauxe and Watson, 1994; Watson and Enkin, 1993). The fold
test proportionally untilts the fold limbs with different dips, utilizing the fold axis to anchor the

rotation
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Figure 4.2: Each marker corresponds to a fold (two sites) in the study area with the corresponding fold
test. Four unpaired sites are also shown (1, 2, 30, and 31). The x-axis and y-axis of the fold test plots are
percent unfolding and k (proxy for kappa), respectively (Fisher, 1953). On each fold test plot, the 99%
and 95% bars indicate the level of significance of the k ratio with respect to the kmax (precision
parameter that is a proxy for kappa [measure of the dispersion of a population] that describes maximum
clustering). Red markers indicate a fold or site that was not interpretable due to chaotic behavior during
demagnetization. Five Ar/Ar ages of folding or deformation are shown with a white star (from Fitz-Diaz
et al., 2014).
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4.4 PALEOMAGNETIC RESULTS

Magnetic directions from 28 sites in the mid-Cretaceous section of the Tamaulipas
Formation in the central Sierra Madre (CSM) are summarized in Table 4.1. Thermal
demagnetization revealed a characteristic component below ~420 °C, after which samples show
a spike in magnetization (Fig. 4.3A). Magnetite is the principal carrier of the magnetization as
determined by three-dimensional (3D) isothermal remanent magnetizations (IRMs), performed
with an ASC Scientific Impulse Magnetizer followed by thermal demagnetization of the samples
(Fig. 4.4A; Lowrie, 1990). Due to chaotic decay of the magnetization during demagnetization, 5
sites could not be interpreted; the remaining 23 sites show the removal of a present-day field
component from 0 to ~200 °C and a characteristic magnetization direction from 200 to ~420 °C
(Fig. 4.3B).

Throughout the study area, 23 sites generated interpretable results including 10 fold tests
applied to paired sites, as labeled in Figure 4.2. Sites from the Valles—San Luis Potosi Platform,
Toliméan Sequences, and El Doctor Platform were analyzed for comparison and did not provide a
fold test option. Paleomagnetic directions in the Toliman Sequences and Zimapan Basin are
down- ward and northwesterly, which we interpret to be of normal polarity. Directions in the
Tampico-Misantla Basin are reversed and cluster in the southeastern quadrant (Fig. 4.5). The
characteristic direction in fold 5-6 is anomalous due to the very shallow directions of site 6.

Figure 4.2 shows the fold test results for two paired sites from each of the sampled folds
in the study area. Eight site pairs yielded a synfolding or late synfolding remagnetization and two
site pairs produced postfolding remagnetizations (Fig. 4.2). The Zimapan Basin yielded four
folds with a synfolding magnetization (one being very late synfolding). Three folds in the eastern

side of the Tampico-Misantla Basin produced synfolding results; one fold in the western side of
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the Tampico-Misantla Basin is very late synfolding and the other two produced postfolding

magnetizations.
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Figure 4.3: (A) Intensity plots showing normalized magnetic intensity versus temperature (°C). Most
samples show a characteristic spike in magnetization after ~420 °C. Mmax—maximum magnetization;
M/Mmax—measured magnetization divided by the maximum magnetization. (B) Representative thermal
demagnetization plots of the Tamaulipas Formation limestones in geographic coordinates (IS, in situ).
Temperature steps in °C. Black symbols represent vector endpoints plotted in the horizontal plane; white
symbols represent vector endpoints plotted in the vertical plane. CSM8-1 is an example showing chaotic
decay; samples showing this behavior are not used in the analysis.
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CSM11-5b Figure 4.4: (A) Thermal demagnetization of a
A05T three-dimensional isothermal remanent
00.12T magnetization (IRM) acquired in an orthogonal

system with the applied fields of 1.0 T, 0.3 T, and
0.12 T (Lowrie, 1990). (B) Alternating field
demagnetization intensity plot for CSM11-1
showing near-complete elimination of the
remanence at 80 mT. Mmax— maximum
magnetization, M/Max—measured magnetization
divided by the max magnetization.
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Figure 4.5: Stereoplot showing present-day location of the direction of the axial magnetic dipole (red
star) in the study area. The green circle represents the expected Late Cretaceous direction for Mexico
(determined from Besse and Courtillot, 2002); the orange circle represents the expected Eocene direction.
The site means represent the optimal clustering for each fold (values in table on right) with the exception
of sites 1, 2, and 30 in which the in situ magnetization is plotted. Dec.—declination; Inc.—inclination; k
max—precision parameter that describes maximum clustering
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4.5 DISCUSSION

In this study, remagnetizations from synfolding remanence in carbonates were examined
and dated in conjunction with folded clay-bearing units. Of the possible magnetic carriers in the
studied samples, goethite and sulfides can be excluded as possible carriers since there is no decay
at 120 °C or 320 °C. Titano-hematite or titanomagnetite are unlikely as an authigenic chemical
remanent magnetization or depositional remanent magnetization carrier in these rocks. The
remaining possibilities are titanium-free magnetite and hematite. The Lowrie 3D IRM test (Fig.
4.4A) supports the identification of magnetite in site 11, and is typical of the carbonates sampled.
The high coercivity component shown in the Lowrie test is probably a result of anisotropy in the
sample and does not reflect hematite as the magnetic carrier. Alternating field demagnetization
of another sample within the same site reveals a median destructive field of 30 mT and a nearly
complete elimination of the remanence at 80 mT, which does not support the presence of
hematite (Fig. 4.4B). The lower blocking temperature (~420 °C) as well as a combination of
superparamagnetic and stable single-domain magnetite is a common occurrence in remagnetized
carbonates (Jackson and Swanson-Hysell, 2012). The presence of superparamagnetic grains is
supported by a spike in bulk susceptibility values at liquid nitrogen temperatures as com- pared
to room temperature measurements before and after (Tauxe, 2010).

According to blocking curves for magnetite (as shown in Pullaiah et al., 1975), with a
laboratory blocking temperature of ~420 °C and a relaxation time of 10-100 m.y., the required
temperature for acquisition of a thermoviscous remanent magnetization (TVRM) is ~250 °C.
Based on microthermometry of fluid inclusions in syntectonic veins and vitrinite reflectance,
temperatures within the Tampico-Misantla Basin ranged from 80 to 180 °C, and in the Zimapéan

Basin ranged from 220 to 250 °C during deformation (Gray et al., 2001; Fitz-Diaz et al., 2014).
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Since the basins did not reach temperatures necessary for a TVRM, we conclude that the
remanent magnetization in the Tampico-Misantla Basin is a chemical remagnetization.
Synfolding results in the Zimapan Basin indicate a relatively quick acquisition of a remanent
magnetization instead of the required longer acquisition for thermoviscous remagnetization at
these temperatures. We infer that during chemical remagnetization there is growth of magnetite
from a superparamagnetic state to a stable single-domain structure. For samples in which
magnetite grains have grown to the stable single-domain range, a magnetic remanence is
preserved during remagnetization (Butler, 1992). The origin of this chemical remagnetization
connects with folding and illitization, likely reflecting tectonically related fluid pulses.

The peak in magnetization after ~420 °C, illustrated in the magnetic moment plot of
Figure 4.3A, suggests the presence of a nonmagnetic Fe sulfide component that oxidizes at
higher temperatures. This sulfide is most likely present in low concentrations, but concentrated
enough to cause a spike in magnetization upon heating and alteration. Sites with chaotic decay of
the magnetization were not used in the analysis of this area. Among many explanations of this
behavior (e.g., sample CSM8-1 in Fig. 4.3B), sparse or swamped magnetic mineral growth
during remagnetization events may be a cause.

The Zimapan Basin and Toliman Sequences, farthest to the west in the study area, have
deformation ages ranging from 83.5 + 1.5 to 76.5 = 1.0 Ma (determined by Fitz-Diaz et al.,
2014). The coeval remagnetization is of normal polarity and its directions are concentrated to the
northwest and down. Folding progressed temporally from west to east with a late synfolding
remagnetization in sites 20-21 in the Zimapén Basin. Sites 22-23, 24-25 and 28-29 show
synfolding remagnetizations in folds that are Late Cretaceous (76.5 + 1.0 Ma; Fitz-Diaz et al.,

2014). Therefore, combining the synfolding nature of the magnetizations with the absolute ages
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of the folding, it is concluded that synfolding remagnetization in the Zimapan Basin is Late
Cretaceous (ca. 77 Ma).

The Tampico-Misantla Basin is farthest to the east with the youngest deformation ages
for this study area. The sites in this area are dominated by southeast and upward magnetization
directions, which are likely to have been acquired during one of the latest Cretaceous to Eocene
reversed polarity intervals. Sites 9-10, 11-12, and 16-17 produce synfolding results with a
corresponding age for these folds of 43.5 £+ 0.5 Ma (from Fitz-Diaz et al., 2014). Very late
synfolding magnetization is seen in sites 18-19 and postfolding remagnetizations are observed in
sites 3-4 and 5-6 of this area. Site 5 is near the other sites and is of reversed polarity, but the fold
test result of sites 5-6 is not as reliable due to anomalous results from site 6. Thus, this area
under- went deformation and/or folding in the west and, as folding proceeded to the eastern
portion of the area, a younger remagnetization event occurred ca. 44 Ma (mid-Eocene).

Folds in the study area have different ages, despite their geographic proximity, which
indicates that regional metasomatism was not the cause of illitization. Illitization occurred
primarily within bentonitic shale layers, while remagnetization was studied in neighboring
limestone layers. These units within the same fold structures are connected through a pore fluid
that was active during deformation, as demonstrated through comparative d2H data measured in
illite and in water of primary fluid inclusions trapped in syntectonic veins within the carbonate
layers (Fitz-Diaz et al., 2014). Comparison of d180 and d13C in calcite from veins and host
carbonates supports dissolution-precipitation within lime- stone layers during deformation,
allowing for the formation of stylolites and veins (Fitz-Diaz et al., 2011b). Illitization occurred
during folding and magnetite remagnetization is synfolding; therefore, the chemical

remagnetization and illitization are of the same geologic age.
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Using ages obtained from sampled folds and paleomagnetic results from this study, a
progressive deformation-magnetization history from west to east is recognized in the central
Sierra Madre Oriental. The fold test results and radiometric dates support a sequence of sediment
deposition, deformation (faulting and folding; D1, D2, D2’, and D3), synfolding and postfolding
remagnetization events (with reversals; R1 and R2), ending with the acquisition of a present-day
field magnetization (Fig. 4.6). In the Tampico-Misantla Basin, the westernmost side shows
postfolding magnetizations, suggesting a scenario of early folding in the west followed by

regional remagnetization as the eastern portion of each basin is deforming.

Acquisition of present day field component

/ ~44 Ma D3 & R2
I8 ~64Ma D,
Zzg.'z ~77 Ma D2 & R1

\ ~8284Ma | D, D,

> 180 Ma Formation of basins/platforms and deposition of Tamaulipas Formation
Toliman . i ) )
Sequences/ Zimapan Valles-SLP Tampico-Misantla
El Doctor Basin Platform Basin
Platform

Figure 4.6: Remagnetization history of central Sierra Madre Oriental utilizing dates in Fitz-Diaz et al.
(2014) and results from this study. SLP—San Luis Potosi; D—deformation event; R—remagnetization
event.

A regional history of deformation and remagnetization emerges. The basins and
platforms were formed in the Jurassic during opening of the Gulf of Mexico, followed by

deposition of the Tamaulipas Formation in the Barremian— Cenomanian (mid-Cretaceous). From
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the Late Cretaceous to Paleogene, deformation developed a fold-thrust belt in the area that
progressed from west to east, both regionally and within each basin. Sites in the Toliman
Sequences and Zimapan Basin record Late Cretaceous deformation, and as folding progressed
eastward, the area underwent a remagnetization event ca. 77 Ma. This remagnetization event
occurred near the end of the long Cretaceous Normal Superchron. Folding continued into the
Tampico-Misantla Basin in the Paleogene and during a reversed geomagnetic field, the Tampico-
Misantla Basin was remagnetized ca. 44 Ma. Remagnetization patterns are rarely of mixed
polarity, but this study is an exception.
4.6 CONCLUSIONS

Absolute dating of synfolding remagnetizations can be obtained by integration with
40A1/39Ar dating of deformation-induced illitization. Combining the ages from Fitz-Diaz et al.
(2014) and paleomagnetic results from this study, the remagnetization history of the central
Sierra Madre Oriental (Mexican Fold-thrust belt) involved two events ca. 77 Ma and ca. 44 Ma.
Deformation occurred synchronously with remagnetization in several places (synfolding re-
magnetizations), but also occurred without simultaneous remagnetization in the Tampico-
Misantla Basin (postfolding remagnetizations); the latter indicates that crystallization of illite
does not a priori result in magnetite growth and remagnetization. If the illitization process was
the single cause of remagnetization in this scenario, then all of the studied folds should show
synfolding re- magnetization. Therefore, a parallel process is involved to produce synfolding
remagnetization in some deforming rocks, but not others, that we speculate is the regional
infiltration of (Fe bearing) fluids. Thus, a spatiotemporal link between regional deformation and
remagnetization exists, but not one in which deformation and illitization alone result in

remagnetization.
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By providing a new approach and demonstrating a robust correlation between the age of
regional-scale deformation and remagnetization, we show that fold dating can also be used to
determine the timing of synfolding remagnetizations, using rock types that are common in many
foreland deformation belts. Our approach, therefore, has potential application to many orogenic

systems around the world
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TABLE

Table 4.1: Data collected for samples collected from the Tamaulipas Formation in the central Sierra Madre Oriental

. IS Mean TC Mean .
Bedding Magnetization | Magnetization Statistics
Site Latoltude Lonogltude n/N | Strike | Dip Dec. Inc. Dec. Inc. | a95ise1c | Kisarc
CN) W)
&
A1 21°02°31.0” | 99°16°56.0” 6/7 231.3 20.8 177.1 -46.2 168.7 | -28.4 6.8 98.2
>
2 21°05°0.5” | 99°05°38.0” 6/6 154.5 39.0 1742 | -344 1444 | -37.9 10.1 44.6
3* | 21°00°13.4” | 98°59’15.9” 5/5 332.0 | 121.0 | 150.9 | -31.8 180.4 14.9 3.9 375.9
4 21°00°13.4” | 98°59’15.9” 3/4 157.0 41.3 149.6 | -42.8 121.5 -26.6 6.1 405.2
5 21°01°19.0” | 98°59°45.8” 6/7 113.5 35.5 168.0 10.0 166.3 -18.9 4.8 198.3
» 6 21°01°19.0” | 98°59°45.8” 5/6 342.0 67.0 159.9 8.5 153.3 1.4 4.6 276.1
'z 7 21°07°4.9” | 98°59°37.8” Chaotic decay did not allow for analysis of samples
m| 8* 21°07°4.9” | 98°59°37.8” Chaotic decay did not allow for analysis of samples
cr; 9 21°12°34.5” | 98°49°47.4” 6/7 178.3 17.7 171.2 -51.1 151.8 -45.9 2.1 993.5
g1 10* | 21°12°34.5” | 98°49°47.4” 6/8 354.5 | 1355 132.8 -22.8 220.4 -8.9 3.7 332.0
S| 21°14°50.1” | 98°54°34.1” 5/6 13.5 6.5 174.8 -38.5 179.9 | -40.4 3.0 662.7
é 12 | 21°14°50.1” | 98°54°34.1” 9/9 173.7 | 71.0 209.2 -23.5 158.5 -39.3 2.2 565.0
% 13 21°10°19.5” | 98°50°19.2” Volcanic unit that is not being utilized in this study
Sl 14 21°20°1.0” | 98°54°12.6” Chaotic decay did not allow for analysis of samples
15 21°20°1.0” | 98°54°12.6” Chaotic decay did not allow for analysis of samples
16 | 21°20°56.5” | 98°51°44.5” | 3/7 128.7 35.7 165.1 -26.1 1424 | -41.9 9.0 187
17 | 21°20°56.5” | 98°51°44.5” | 7/8 301.3 36.3 128.9 | -41.9 154.0 | -28.7 4.6 173.1
18 21°11°8.5” | 99°07°15.4” | 7/7 99.7 44.0 1429 | -48.0 78.8 -58.5 4.6 171.7
19% | 21°11°8.5” | 99°07°15.4” | 6/8 295.0 | 134.0 | 131.0 | -43.1 141.7 38.3 53 162.5
20*% | 20°54°5.4” | 99°33°32.8” | 6/9 331.3 156.3 | 303.9 30.3 7.7 -17.6 3.2 452.9
21 20°54°5.4” | 99°33°32.8” | 4/8 100.0 9.5 304.4 37.8 297.0 41.2 10.2 82.2
= | 22*% | 20°53’44.7” | 99°30°14.4” | 3/7 340.3 125 301.6 479 38.6 -4.8 10.5 138.7
S| 23 | 20°53°44.7” | 99°30°14.4” | 5/8 170.5 38.5 | 315.0 58.1 289.7 28.3 6.6 135.2
@ 24 | 20°53°42.3” | 99°30°25.8” | 8/10 | 335.5 60 315.6 51.4 19.8 35.1 5.5 104.0
\g 25 | 20°53°42.3” | 99°30°25.8” | 6/7 162 69.7 0.8 40.4 306.0 27.0 2.7 604.5
E| 26 20°53°36.4” | 99°28°32.0” Volcanic unit that is not being utilized in this study
N1 27 20°53°36.4” | 99°28°32.0” Cobble in volcanic unit that is not being utilized in this study
28 | 20°57°37.6” | 99°26°49.4” | 5/9 138 72.3 | 346.2 50.2 269.4 31.5 10.7 52.3
29 | 20°57°37.6” | 99°26°49.4” | 7/8 312 74 270.4 38.3 349.6 42.2 7.0 74.5
21 30 | 20°53°15.5” | 99°53°58.7” | 8/9 2433 23 310.9 62.9 320.0 40.9 4.9 131.1
é 31 20°54°27.2” | 99°40°37.2” Chaotic decay did not allow for analysis of samples

Note: VSLPP—Valles—San Luis Potosi Platform; TS—Toliman Sequences; EDP—EI Doctor Platform. n/N—number of samples
accepted/measured; IS Dec.—in situ declination; IS Inc.—in situ inclination; TC Dec.—tilt-corrected declination; TC Inc.—tilt-
corrected inclination; a95—radius of confidence circle in degrees; k—precision parameter (Fisher,1953). Tilt correction is 100%
untilting. Strike and dip measured using the left hand rule. *Indicates overturned bed; strikes are rotated 180° to comply with
Paleomac conventions (Cogne, 2003).
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CHAPTER 5

CONCLUSIONS

This chapter summarizes the outcomes of studies that aim to assign quantitative ages to
synfolding carbonate remagnetizations in the North American Cordillera. The main outcomes
are:

5.1: Carbonates are remagnetized concurrently with regional tectonic activity for a given

region.

5.2: Remagnetization ages and spatial division of synfolding and pre- or postfolding

directions help decipher local-scale deformation.

5.3: Remagnetization intensities and distributions yield insights into the mechanism(s) of

remagnetizations.

5.1: Carbonates are remagnetized concurrently with regional tectonic activity for a given
region.

The remagnetization ages determined for the North American Cordillera are 53.6 Ma in
Montana (Chpt. 2), 48-52 Ma in the Monterrey Salient of Northern Mexico (Chpt. 3), and two
remagnetization events at 77 and 44 Ma in the Mexican fold-thrust belt in central Mexico (Chpt.
4). Synfolding directions were not observed for the Idaho/Wyoming study in between these study
areas, but results from Idaho show a postfolding Eocene remagnetization based on
paleomagnetic directions (Appendix A). All the remagnetizations fall within the expected Late

Cretaceous — Eocene regional tectonic regime. Consequently, future studies can hypothesize that
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the age of an observed remagnetization will occur within the tectonic window for that region and
further fold dating with synfolding directions can be used to provide a more quantitative date.
5.2: Remagnetization ages and spatial division of synfolding and pre- or postfolding
directions can help decipher local scale deformation.

From work reported in this thesis it is observed that remagnetizations do not necessarily
take place as one large regional event. Multiple remagnetizations can be preserved in carbonates
as deformation progresses through a study area. In the Mexican fold-thrust belt of central Mexico
(Chpt. 4), two distinct remagnetization events were recorded within a West-to-East sampling
area. The first magnetization event was recorded at 77 Ma when folding had commenced in the
Zimapan basin and as folding progressed towards the east, a later event was preserved at 44 Ma
in the Tampico-Misantla Basin. In Montana (Chpt. 2) the development of folding is also revealed
by syn- and prefolding directions, all experiencing a similar remagnetization that produced the
same preserved directions. In this case, the most frontal folds (prefolding) of the Montana
Rockies were still flat lying during the 53.6 Ma remagnetization event.

Synfolding ages can also be used to constrain the timing of oroclinal events, reflecting
vertical-axis rotations of mountain belts, where paleomagnetic directions and ages were
previously unavailable. In such curved mountain belts, synfolding directions can be used in
strike versus declination tests to ascertain the timing of vertical axis rotation. In chapter 3, a
strike versus declination test with the synfolding directions from the Monterrey Salient in
northern Mexico illustrates that the region experienced a late secondary rotation. The age of this

rotation occurs after 48 Ma based on the timing of folding.
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5.3: Remagnetization intensities and distributions yield insights into the mechanism(s) of
remagnetizations.

Two prevalent mechanisms for the growth of magnetite in chemically remagnetized
carbonates are typically offered: (1) the release of iron during illitization reactions (e.g. Katz et
al., 1998 & Woods et al., 2000), or (2) the interaction of the carbonate with an iron bearing fluid
(e.g., Zechmeister et al., 2012; Zwing et al., 2009). Chapters 2, 3, 4, and Appendix A do not
support illitization as the remagnetization mechanism and instead it is proposed that magnetite
grows to a stable single domain range as a result of the interaction of an iron-bearing fluid with
the carbonates. An origin from illitization reactions is rejected as the mechanism in these
carbonates because there are folds that have experienced illite growth, but do not show
coincident synfolding magnetization (i.e., they were not remagnetized during folding).
Specifically, in chapters 2 (Montana) and 4 (central Mexico) authigenic illite is found in folds
that do not show a synfolding remagnetization. Thus, whether or not an illitization phase is
releasing iron, it is not resulting in the growth of magnetite to a remanence acquiring state in
these studies. Instead it is hypothesized that the growth of magnetite results from interaction of a
fluid within the remagnetized rock unit.

It is also revealed from studies in this dissertation that not all carbonates within a study
region exhibit a remagnetization. This may reflect a decrease in the fluid, the absence of pre-
existing weaknesses in the studied units, insufficient magnetic mineralization, or facies change in
a study region. In chapter 2, in the frontal portion of the Montana Rockies, the more inboard
folds exhibit synfolding remagnetizations and as one advances eastward into the foreland, the
remanence weakens and a remagnetization is not detected. From a weakening intensity it can be

postulated that fluid activity started to diminish in the very eastern portion of the study area,
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where there was minimal iron remaining in the fluid to allow sufficient magnetite growth for a
stable direction. The movement and diminishing fluid role in magnetite growth may also have
effected carbonates from Appendix A, where samples from Idaho are remagnetized and samples
from central Wyoming, further to the east of the orogenic front, did not produce detectable
paleomagnetic directions.

Remagnetizations may also be influenced by the characteristics of carbonate units in that
certain lithologies will not facilitate the movement of fluid and/or growth of magnetite. The
deformed muddy carbonates from central Mexico show overall stronger ferromagnetic signals as
compared to the clean, coarsely crystalline Madison limestone sampled in Montana and
Wyoming. Additionally, pre-existing weaknesses would permit fluid flow and allow magnetite to
grow, while the lack of such pathways diminishes the ability for fluid to interact with the
carbonate host rock. An example of this is chapter 3, where we show a division of pre- and
synfolding sites, with the prefolding sites recording weaker paleomagnetic intensities. Illite was
found in folds throughout the Monterrey Salient, so we deduce that fluids were present
throughout the study area with pre- and synfolding remagnetization sites. Therefore, with the
presence of fluids in all folds, we surmise that a facies transition from deeper deposition
carbonates (synfolding sites) to shallower carbonates (prefolding sites; Goldhammer, 1999) did
not produce favorable conditions for the growth of magnetite in the latter, resulting in prefolding
directions and weak intensities.

Application of synfolding remagnetization and fold dating provides a powerful
application to unraveling and understanding the intricate structural and paleomagnetic histories

of many regions, given the widespread occurrence of (remagnetized) carbonates worldwide.
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In an additional study, andesites were analyzed in Morocco to detect a possible
remagnetization and to expand the technique to a different lithology; however, primary
magnetizations were preserved (Chpt. 5). These primary directions address the Pangea A vs.

Pangea B controversy in the Early Permian.
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APPENDICES
APPENDIX A: PALEOMAGNETIC RESULTS FROM MISSISSIPPIAN CARBONATES
IN IDAHO AND WYOMING
A.1 INTRODUCTION

Remagnetizations in carbonates are globally widespread, with seemingly many of the
remagnetizations acquired during folding (McCabe and Elmore, 1989; Jackson and Swanson-
Hysell, 2012; Van der Voo and Torsvik, 2012; Nemkin et al, 2015). It is generally inferred that
carbonate remagnetizations are chemical in nature as magnetite grows to a stable single-domain
(SD) state (Elmore et al., 2012; McCabe and Elmore, 1989; Font et al., 2012 and Zegers et al.,
2003). The growth of magnetite to a SD state in carbonates can produce a directionally stable
secondary remanence (called a remagnetization). If this remagnetization happens during folding,
which is determined by a stepwise fold test, then along with fold dating, a quantitative age can be
assigned to the remagnetization. This would significantly improve the application of the fold test,
as remagnetizations were previously only qualitatively assigned an age by comparison to the
relevant apparent polar wander path (APWP) of the region.

This technique has been successfully applied to folded carbonates throughout the North
American Cordillera in central Mexico, northern Mexico (Monterrey Salient) and Montana
(Nemkin et al., 2015, Nemkin et al., 2016, and Nemkin et al., 2017 in review). Following the
application of fold dating and carbonate remagnetizations in these areas, folded carbonates in the

Idaho/Wyoming fold-thrust belt and central Wyoming were targeted.
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The North American Cordillera extends from Canada to southern Mexico and was
formed by Sevier and Laramide style deformation from the mid-Mesozoic to Eocene (Burchfiel
et al., 1992; DeCelles, 2004; Dickinson, 2004). Sevier style thrusts and folds characterize the
easternmost Cordillera, which are the target of this study in the Idaho-Wyoming fold-thrust belt

(Armstrong and Oriel, 1965; Armstrong, 1968; DeCelles, 2004; Wiltschko and Dorr, 1983).

A.2 METHODS

Sampling

Samples were collected from folded Mississippian Madison limestone in the Idaho-
Wyoming thrust belt and north central Wyoming in the Bighorn Mountains (Fig. A.1). Local
scale folds were targeted; four in Idaho and five in Wyoming. Five to ten cores were collected
per site using a portable Pomeroy EZ Core Drill. A Brunton compass and inclinometer were used

to determine the orientation of the beds, and the azimuth and plunge of the cores.

Figure A.1: Local scale folds were sampled from Mississippian carbonates in Idaho and Wyoming. Four
folds were sampled form the Sawtooth Range in Idaho, one fold in the Wyoming fold thrust belt, and the
remaining sites were collected from the Bighorn Mountains.
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Laboratory Work

Samples were cut to 2.5 cm length with a dual bladed saw at the University of Michigan
paleomagnetic laboratory. Velvet Underglaze non-magnetic temperature resistant paint was used
to label all of the samples and alumina cement was used when necessary to glue samples back
together.

Remanent magnetizations were measured using a three-axis 2G superconducting
magnetometer. Alternating field (AF) and thermal treatments were used to demagnetize the
samples and to reduce the acquisition of a viscous magnetization, specimens were measured
directly after each demagnetization step. All specimens were measured, demagnetized, and
stored in a magnetically shielded room, with a rest field of 200 nT, to minimize accumulation of
any viscous magnetization. Magnetic hysteresis loops were acquired using a Princeton
Measurements vibrating sample magnetometer at the Institute for Rock Magnetism (IRM) in
order to determine the characteristic magnetic coercivities.

Paleomac software by Cogné (2003) was used to analyze final demagnetization results
with principal component analysis (PCA) (Kirschvink, 1980). Site means are calculated by
averaging the sample set directions (Fisher, 1953). In order to determine the relative timing of
the magnetization acquisition (pre-, syn- or postfolding), principal component analysis (PCA)
was used to examine the data (Kirschvink, 1980). The fold test proportionally untilts the fold
limbs from their current orientation to horizontal (0-100% unfolding), using the field measured

bedding dips (Tauxe and Watson, 1994; Watson and Enkin, 1993).

A3 RESULTS
Data is obtained for samples from the Mississippian Madison limestone. Samples are not

considered for further examination if the maximum angular deviation (MAD) angle is greater
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than 10° and sites are deemed invalid when a95 is greater than 20. Remanence directions are
recorded by magnetite. Results are listed in Table A.1, with gray indicating sites that were not

used for further analysis in this study.

A.4 DISCUSSION

All of the sites from Idaho are remagnetized and yield steep inclinations (~60-70°) as
compared to the shallow (near 0°) directions expected for North American Mississippian rocks
(Besse and Courtillot, 2002; Torsvik et al., 2012). The direction for ID1 is reversed, while the
directions for ID3, ID5, ID7, and IDS are of normal polarity, likely indicating that this
remagnetization spanned a reversal. Based on the selection criteria of sites with an a95 less than
20, many sites are eliminated and only one local scale fold test could be performed with ID7 &

ID8. The ID7/IDS fold test is clearly postfolding (Fig. A.2).
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ol Figure A.2: Postfolding fold test for ID7 &
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26y maximum clustering) (Fisher, 1953).

16

@ T T T T T T T T T 1

6 10 20 30 40 50 60 /0 80 90 100

Percent Unfolding

Two sites (1 fold) were collected from the Wyoming fold-thrust belt. Samples from these
sites display a clean decay of the characteristic magnetization; however, the direction from each

site matches the present-day field and no record of an ancient direction is apparently preserved
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(Fig. A.3). McWhinnie et al. (1990) sampled the Jurassic Twin Creek limestone in the Idaho-
Wyoming fold-thrust belt. Samples for that study from the more easterly Prospect thrust recorded
a Tertiary direction. Re-analysis of data from more westerly thrusts (Absaroka & Darby Thrusts)
in the belt show a late Mesozoic remagnetization by comparison to the North America apparent
polar wander path (McWhinnie et al., 1990). Fold tests suggest that the directions are synfolding
but the authors cannot statistically distinguish 80% synfolding results from a prefolding direction
(McWhinnie et al., 1990). An older remagnetization to the west with a transition to a younger
remagnetization to the east is similar to observations in other studies along the belt. In Nemkin et
al. (2015) an older remagnetization was found in the western portion of the study area and as

deformation progressed east, a younger remagnetization was recorded.

20 +++++++++++++++++190

Figure A.3: Stereonet with in situ (IS) directions from WY1 (circles) and WY2 (squares).

Only two sites (WY5 & WY9) from Bighorn Mountain in the east pass the selection
criteria. All other sites consist of samples with very erratic demagnetization behavior, likely
because the remanence is too weak for instrumentation to detect or the remagnetization is non-

existent. Figure A.4 displays the bulk magnetic susceptibility of samples from each of the sites,
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with those from the Bighorn Mountains showing values around zero. The sites that exhibit bulk
magnetic susceptibility greater than zero are the remagnetized postfolding results from Idaho and
the present-day field remanence from WY1 (Fig. A.4). The near zero magnetic susceptibilities

suggest that the magnetic carrier is limited in quantity or too small to retain a measureable

remancence.
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Figure A.4: Chart of bulk magnetic susceptibility for different samples from each site. Black indicates
sites with susceptibilities above 0.

In hysteresis experiments, a stronger ferrimagnetic signal is seen in the Idaho samples
(ID1-ID8) and present-day field in two WY samples (WY 1-WY2) as compared to the Bighorn
Mountain sampled carbonates (WY3-WY10; Fig. A.5). However, a weak magnetic remanence is
also depicted in hysteresis loops that measure the variation in a recorded magnetization in
response to a changing applied magnetic field (Butler, 1992; Tauxe et al., 1996). If there is a

limited quantity of a remanence carrying mineral (ex. magnetite) in the samples, during a
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hysteresis experiment, then the ferromagnetic signal is too weak to be separated from other

sources. In this case the paramagnetic (ex. clay) or diamagnetic (ex. calcite) nature of a sample

will dominate the measured signal. For example, after removal of the diamagnetic component,

sample WY3-9a displays a very large error, overwhelming a very weak ferrimagnetic signal

(Fig. A.5). Beske-Diehl and Shive (1978) found similar erratic directions in limestone samples in

the Bighorn Mountains. They detected a late Paleozoic direction in samples that are more

dolomitic (Beske-Diehl and Shive, 1978).
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Figure A.5: Hysteresis loops of ID8-6 (left) and WY 3-9a(right) corrected for diamagnetic and
paramagnetic background with blue/red representing the ferrimagnetic component/error respectively.

A remagnetization is clearly recorded in the Mississippian carbonates sampled from

[Byjzwry] voneznaudepy

Idaho and two sites in Wyoming based on the steep recorded inclinations. The remagnetization is

recorded after folding has completed in Idaho as clearly indicated with postfolding directions.

These recorded directions are very steep (60-70°), so it is difficult to decipher with the

declinations if the remagnetizations are separate events. However, based on previous studies

where a progression towards the foreland shows a transition from older to younger



remagnetization events, we can postulate that the magnetization preserved in the Idaho samples
is slightly older than the central Wyoming samples (Nemkin et al., 2015; Nemkin et al., 2016).

Additional sampling and more fold tests could mediate this problem and help decipher
between remagnetization events. However, these carbonates may instead not be suitable for the
growth of magnetite as suggested by the absence of a present day field and no viscous
component of the magnetization. In a viscous experiment, representative samples from Wyoming
and Idaho were kept outside of the shielded room in the presence of a geomagnetic field over a
span of a few weeks and measured once a week. After that, the samples were placed back in the
shielded room and measured once a week. During these measurements there was no marked
change in intensity inside or outside of the shielded room. This lack of change in the magnetic
intensity suggests the non-existent to very limited presence of magnetite as compared to a study
by Nemkin et al. (2017 in review). Samples from Nemkin et al. (2017 in review) possessed
enough magnetite to record a present day field and show an increase in the magnetic intensity
after a viscous acquisition outside of the shielded room. Therefore, samples from Wyoming do
not show a viscous acquisition likely because not enough magnetite grew in the samples to
record the field, which is also reflected in why the samples did not retain a measurable secondary
remanence.

A key improvement to this study would be to try and sample more folds from the
Wyoming fold-thrust belt as a transition between Idaho and central Wyoming. Even if folds
cannot be sampled, the large Madison cliffs can also be sampled in order to better understand the

paleomagnetic nature in the coarsely crystalline samples.
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TABLE

Table A.1: Paleomagnetic data for folded Mississippian carbonates from Idaho and Wyoming

. IS Mean TC Mean . .
Bedding Magnetization | Magnetization Statistics
Site La(?lt\;l)de Lo?og\;;;lde n/N | Strike Dip Dec. Inc. Dec. Inc. l::TSC IS:TC
1 43°53°49” 113°40°26” 6/6 187.3 46.3 131.0 -69.6 109.7 -25.9 2.5 736.0
2 43°53°47” 113°40°31” 3/6 340.3 44.7 140.8 -77.0 | 231.8 -48.2 26.9 22.0
- 3 43°57°37” 113°26°45” | 9/10 178.8 58.0 55.4 76.3 279.0 43.0 5.4 93.2
S| 4 43°57°37” 113°26°45” 2/6 299.7 55.0 4.4 21.7 2.8 -28.4
=2l 5 43°51°34” 113°28°21” 5/5 346.3 54.7 | 3493 60.9 42.6 29.0 12.9 36.1
6 43°51°34” 113°28°21” 4/5 127.8 64.0 259 51.3 234.4 63.2 32.9 8.8
7 43°45°19” 113°28°43” 6/6 188.0 35.0 1.5 69.4 309.5 48.1 2.7 619.2
8 43°45°23” 113°28°35” 6/7 330.0 24.2 314 66.0 44.4 434 8.8 59.5
1 42°54°19” 110°52°31” 5/5 64.0 68.2 | 358.9 55.0 130.9 51.9 2.6 841.6
2 42°54°16” 110°52°35” 8/9 162.4 48.2 | 359.1 49.1 307.5 40.1 2.2 623.9
3 44°36°42” 108°8°21” 4/11 96.3 27.5 307.9 -26.6 | 315.6 -10.4 85.7 2.1
e 4 44°36°46” 108°8°56” 7/9 314.0 28.0 109.9 68.3 74.6 48.5 24.3 7.1
EIE 44°47°39” 107°58°7” 7/9 107.0 45.5 83.1 68.1 165.4 49.3 14.4 18.5
S| 6 44°47°43” 107°58°3” 1/7 328.4 75.1 8.8 48.4 27.2 -12.9 only 1 sample
= 7 44°48°19” 107°19°11” 2/7 315.4 324 | 340.0 48.9 2.1 29.3 71.7 14.4
8 44°48°20” 107°19°11” 3/8 355.2 24.8 170.7 -34.7 187.6 -32.9 27.9 20.6
9 44°4°18” 107°20°43” | 4/10 123.7 14.5 11.4 75.5 293.0 84.5 9.7 90.1
10* | 44°4’18” 107°20°43” 2/7 312.2 9.2 154.8 -31.5 159.5 -27.6

Note: n/N, number of samples accepted/measured; IS Dec., In situ declination; IS Inc., In situ inclination;
TC Dec., Tilt-corrected declination; TC Inc., Tilt-corrected inclination; a95, radius of 95% cone of
confidence in degrees; k, precision parameter (Fisher, 1953). Tilt-correction is 100% un-tilting. Strike and
dip are measured in degrees using the left hand rule (LHR). Gray shading indicates sites that were not
considered for fold test analysis since the site a95 value is over the set criteria of 20. An * denotes a site
where there are only two samples and a site a95 and k cannot be determined.
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APPENDIX B: PALEOMAGNETIC RESULTS OF MOROCCAN ~284 MA
EXTRUSIVES; TESTING THEIR AGREEMENT WITH THE PANGEA-A
RECONSTRUCTION

ABSTRACT

The Carboniferous-Early Permian configuration of Pangea has been debated ever since
paleomagnetists postulated an overlap of the continents when trying to fit together the APWP’s
of Gondwana and Laurussia. Late Permian rocks have been examined to better develop the
position of Pangea during this pre-Triassic time; however, analysis for the earlier Permian
remains incomplete. The results of this study agree with previously published directions and add
more precise age determinations (average U/Pb 284.7+6 Ma). This age puts the rocks in the
Early Permian (at the base of the Artinskian Stage). Seven sites contain hematite as the
remanence carrier and two sites resulted in magnetite carrying the recorded direction. Six sites
have SE declinations and near-zero inclinations. From this study, two conclusions can be drawn
involving the inclination and age of the directions. The near-zero inclinations (as well as the
average declination of about 135 degrees from Morocco) are what is to be expected of a
conventional Pangea-A fit and agree with previously measured paleomagnetic data, leaving ages
as the important aspect to be further studied. Previous analyses of Early Permian paleopoles have
compared results from Baltica, the southern Alps in Italy, and Morocco. The Italian and
Moroccan rocks have ages about 270-280 Ma, whereas the early Permian rocks from Baltica are

mostly confined to the 290-300 Ma interval. Comparing the ~295 Ma results from Baltica and

the ~275 Ma results from Italy and Morocco, causes a ~20 myr mismatch. This may result in an
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error of up to 8 degrees, because of Pangea’s drift of 0.4 degrees per myr during the Early
Permian. Therefore, the paleomagnetic data and crucial ~284 Ma age add to the African APWP
and support the “Pangea A” configuration for the Early Permian.
B.1 INTRODUCTION

Pangea existed as a supercontinent from the late Paleozoic to early Mesozoic when it
began to rift apart, initiating the formation of the Atlantic Ocean (du Toit, 1937; Funnel and
Smith, 1968; Van der Voo, 1993; Stampfli et al., 2013; Wegener, 1915,1922). Geological and
paleomagnetic evidence supports the location of the landmasses of the supercontinent in the
Jurassic prior to rifting, similar to the reconstruction made by Alfred Wegener and this is known
as the “Pangea A” configuration (Bullard et al., 1965; Muttoni et al., 2003; Van der Voo et al.,
1976; Wegener, 1915,1922). The positioning of the continents in Pangea constructed by
Wegener were a little muddled and Carey (1958) improved upon some ambiguity in the
reconstruction by using spherical trajectories. Many other researchers have further improved
upon the Pangea configuration, especially in the Permian, with paleomagnetic data (e.g. Derder
et al., 2001; Domeier et al., 2011; Domeier et al., 2012; Dominguez et al., 2011; Irving, 1977).

Multiple studies support the widely held configuration of Pangea in the Late Triassic-
Early Jurassic (Irving, 1977; Klitgord and Schouten, 1986; Muttoni et al., 1996; Muttoni et al.,
2003). However, from the Carboniferous to Permian there is a gap in data that has brought about
two competing theories on the positioning of Pangea. This problem arose when poles from the
Carboniferous through Permian no longer fit with the expected apparent polar wander paths
(APWP’s) for the region (Carey, 1958; De Boer, 1963, 1965; Jeager & Irving 1957). If the
landmasses of Laurussia and Gondwana are left in the configuration of “Pangea A” in the

Paleozoic with current paleomagnetic data and dates then there is a latitudinal overlap of the
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continents that is reflected in ~1000km of continental overlap (Fig. B.1)(Muttoni et al., 2003). In
order to correct for this overlap, Irving (1977) shifted Gondwana east relative to Laurussia and
called this arrangement “Pangea B”. Others supported the idea of a “Pangea B” configuration in
the Carboniferous through Triassic (Torcq et al., 1997; Morel and Irving, 1981; Irving, 1977;
Westphal, 1977). This range for “Pangea B” was later narrowed to the Carboniferous- mid-
Permian with more samples and better defined age dates for the measured paleomagnetic poles

(Muttoni et al., 1996; Muttoni et al., 2003).

Pangea A

é\
O l’angea A? —
— ; {" SO°N Figure B.1: Overlap of ~11° of continents in
- ¥ is 3&( zo N — conventional “Pangea A” configuration during the
/ ,0 N - Early Permian prompted the proposal of the
\ i o different tectonic reconstruction “Pangea B” to
M - "\_/1 account for this crustal misfit (Domeier et al., 2012
I )k\ N e and Muttoni et al., 2003).
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= j 30°s
/ =

Even with discrepancies in the Paleozoic for the arrangement of the components of
Pangea, data still supported a “Pangea A” configuration in the Jurassic prior to the opening of the

Atlantic (Klitgord and Schouten, 1986). This meant there needed to be a large shift of
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Gondwana from the Paleozoic “Pangea B” to Mesozoic ‘“Pangea A”. A large ~3500 km
megashear was proposed as the mechanism to address this necessary shift (Irving, 1977; Irving,
2004; Muttoni et al., 2003). This large movement would need to occur prior to the Late Permian,
for which there is little evidence to support such a large tectonic motion.

Muttoni et al. (1996 & 2003) supported this large megashear and the resulting motion of
“Pangea B” to “Pangea A”. In their study they stated that this large displacement needed to occur
prior to the Late Permian because the Late Permian position of Africa fit the “Pangea A” model
(Muttoni et al., 1996; Van der Voo and French, 1974). In Muttoni et al. (2003) the issue of
inclination shallowing with sedimentary samples (Muttoni et al., 1996) was addressed by only
sampling igneous rocks. These samples included well-dated rocks (284-276 Ma) from the
Southern Alps (Adria) that were used as a proxy for Gondwana in order to figure out the
positions of Gondwana in the Early Permian. With these samples, the authors found a large
overlap of continental elements by averaging the Adria and Morocco paleopole dataset and
comparing that averaged pole with the European pole for the Early Permian. This overlap is the
support for a large megashear and “Pangea B configuration in the Carboniferous- mid Permian
(Bachtadse et al., 2002; Muttoni et al. 2003;Rapalini et al., 2006).

Advocates of “Pangea B” recognize that the Atlantic opens from the conventional “Pangea
A” alignment in the Jurassic, so any additional proposed configurations would need to involve
the movement of the continents to the “Pangea A” position by the Late Permian. This movement
requires the proposed 3500 km megashear (Irving, 1977 and Muttoni et al., 2003), for which
there is no evidence (Ross, 1979 and Hallam, 1983). Therefore, supporters of “Pangea A” have
been looking for ways to correct the overlap without having to invoke this large-scale

displacement, one being different tectonic reconstructions. Three other mechanisms being
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corrected/double checked are flawed paleomagnetic data, a possible octupole contribution, and
finding better age dates to go along with the paleomagnetic data.

While three out of the four proposals have been verified and shown not to be in conflict
with the Early Permian Pangea configuration, examination of Early Permian rocks and better
dates may remediate this problem (Domeier et al, 2012). With a 4 cm/year change in the pole
position during the Early Permian, age incongruities may produce large errors in pole positions
(Marcano et al., 1999). For example a 20 million year difference in ages can produce 8° of error
in paleolatitude. In addition to better controlled age dates, rocks from the continent of Africa
need to be sampled instead of using rocks from other continents that may deceptively act as a
proxy for Africa (Veevers, 2013). Therefore, roughly defined Early Permian igneous rocks from
NW Morocco were the target of this study in order to check the paleomagnetic data and date the
samples.

B.2 GEOLOGIC SETTING

Morocco is located at a major tectonic junction between Africa, the Atlantic, and the
Alpine system, producing a complex geologic history for the region (Hoepffner et al., 2006;
Michard et al., 2008; Pique and Carpenter, 2001). Most of the area is underlain by Precambrian
basement rock and much of the deformation/tectonic history in the area is in the Paleozoic and
Cenozoic (Wartiti et al., 1990). The Paleozoic in Morocco is dominated by collision events that
resulted in the amalgamation of the supercontinent Pangea (Matte, 2001). Initial major activity in
Paleozoic formed the Anti-Atlas, from the collision of North America, Europe, and Africa
(related to the Alleghenian Orogeny) (Burkhard et al., 2006; Hoepffner et al., 2005; Hoepftner et
al., 2006). The Permian (late Paleozoic) represents a transition period for Morocco from the

Paleozoic compressional setting to extension and stretching in the Mesozoic that led up the
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opening of the Atlantic Ocean (Michard et al., 2008; Pique and Carpenter, 2001). Extension in
the Mesozoic resulted in many intercontinental sedimentary basins (Wartiti et al., 1990). Later
deformation in Cenozoic from collision between Europe and Africa resulted in the formation of
the Middle and High Atlas Mountains (Sébrier et al., 2006).

Samples have been collected from the Moroccan Meseta to the west of the Atlas
Mountains. The Meseta is a region of high plateaus and plains between the Atlantic Coast to the
west and Atlas mountains to the east (Fig. B.2) (Stearns, 1978). Folded Paleozoic rocks and
igneous intrusions dominate the Meseta (Michard, 1976). Within the Meseta, different basins
were chosen because of the Early Permian volcanic outcrops. The Permian volcanics intrude into
continental sediments (Wartiti et al., 1990). Volcanism began slightly before sedimentation in
the Permian and continued in the Permian; resulting in rhyolite, andesite, dacite, and tuff
deposits (Boushaba and Gagny, 1986) Volcanic ages are poorly constrained based on dates by
early K-Ar dating and fossil evidence with age ranges from the Sakmarian to Wordian (Early

Permian) (Wartiti et al., 1990).

Sampling
Areas

Figure B.2: Map of northwest Morocco
with Carboniferous-Permian basins labeled
1-11. Samples were collected from the
Tiddas, Khenifra, Chougrane, and Mechraa
Ben Abbou basins (circled red). Image
from Nasrrddine Youbi’

320 ]
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B.3 METHODS
Sampling

The goal of this study is to improve upon the Early Permian position of Africa in the
context of the Pangean configuration; therefore, samples were collected from various
Carboniferous-Permian basins in NW Morocco. These basins include the Tiddas, Khenifra,
Chougrane, and Mechraa Ben Abbou and are located to the northwest of the High Atlas
Mountains. From these four basins nine volcanic sites were sampled. About 5-10 cores were
collected per site using a portable Pomeroy EZ Core Drill and a Brunton compass/inclinometer
was used to determine the azimuth and plunge of the core samples and the orientation of the

beds.

Tiddas Basin: 2 sites (TL1, SA2)
Khenifra Basin: 4 sites (GB1, GB2, GB3, GB4)
Chougrane: 2 sites (TC1, TC2)

Mechraa Ben Abbou: 1 site (MB1)

Laboratory Work
Cylindrical samples were collected and then sent to the University of Michigan where they were
cut with a dual bladed saw to a 2.2 cm length. Broken samples were glued back together with
alumina cement and all specimens were labeled with Velvet Underglaze non-magnetic
temperature resistant paint.

All specimens were measured and demagnetized in a magnetically shielded room, with a

rest field of less than 200 nT, to minimize accumulation of any viscous magnetization. Remanent
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magnetizations were measured using a three-axis 2G superconducting magnetometer. Specimens
were thermally demagnetized using an ASC TD-48 demagnetizer after trials revealed the
presence of hematite in some samples that could not be demagnetized with an alternating field.
The specimens were heated until ~580° for some and then ~680° for samples that were not
demagnetized by 580°. Results from the demagnetization process were analyzed with the
Paleomac software by Cogné (2003) and graphed in orthogonal or stereographic projections
(Zijderveld, 1967). Principal component analysis (PCA) was used to examine the
demagnetization data (Kirschvink, 1980).

B.4 RESULTS

Magnetic directions of 9 sites collected from NW Morocco are presented in Table 1.
Thermal demagnetization was employed to reveal the characteristic magnetic direction (ChRM)
in the andesitic samples, which resulted in primarily univectorial decay of hematite and some
magnetite bearing samples. Samples from MB1, GB1, GB2, GB3, GB4, TL1, and SA2 show a
decay of the magnetization by 680°C and samples from TC1 and TC2 decay by ~580° (Fig. B.3).
All but one site (GB2) resulted in interpretable results, with all of the sites having low alpha95
values (<15) and high k values (>25). GB2 is not included in further analysis because the k value
(4.9) is less than the set criteria of 10 (Fisher, 1953).

Six of the nine sites (MB1, TC1, TC2, GB3, Tl1, and SA2) have tectonic corrected
declinations in the southeast quadrant with very shallow inclinations and the remaining two sites
(GBI and GB4) have tectonically corrected directions to the north (Table B.1; Fig. B.4).
Directions from the sites that are to the SE and very shallow are near the expected Early Permian
direction for Morocco. For GB3, the current directions do not place it near the expected position

in the Permian and may instead represent an anomalous result.
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The global APWP of Torsvik et al. (2012) is utilized to estimate the expected Permian
directions for Morocco by rotating the path to a NW African reference frame. Calculated poles
will be compared to the expected Early Permian (280.5 and 273 Ma) poles of -36°, 58° and
-33.4°, 66° (Plat, Plong) from volcanic and red bed samples, respectively in the Chougrane and
Mechra ben Abbou basins (Fig. B.5)(Torsvik et al., 2012). Three sites (TL1, TC1 & TC2) have

paleomagnetic poles that are close to the expected early Permian direction on the APWP (Table

2).
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Figure B.3: Representative thermal demagnetization plots of igneous samples from NW Morocco in
geographic coordinates (IS, in situ) (Zijderveld, 1967). Closed (open) symbols represent vector endpoints
plotted in the horizontal (vertical) plane. Numbers on the demagnetization plots indicate degrees Celsius.
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Figure B.4: Stereonet with tilt-corrected (TC)
20 ++++++++++ ++++ART190 directions from Morocco.
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Figure B.5: Representative poles plotted for Morocco for 280.5 Ma, and 273 Ma (squares) in the
southern hemisphere (Torsvik et al., 2012). Calculated poles from this study are also plotted in order to
compare to the expected Permian directions.

B.5S INTERPRETATION
Directional Analysis
Sites from the Chougrane Basin, TC1 and TC2, show a fairly clean decay of the

characteristic magnetization. Daly and Pozzi. (1979) also report on data from the Chougrane
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Basin with a tilt-corrected declination and inclination of 127°, -6°, essentially identical to the
TCl tilt-corrected declination and inclination of 127.8°, -6.6° and very close to the tilt corrected
TC2 directions (141.3°, 6.6°). The calculated tilt corrected poles of TC1 and TC2 (-29.4°, 65.9°
and -35.4°, 49.7°, respectively) and TL1 (-41.5°, 60.3°) from the Tiddas Basin are very close to
the Early Permian poles (Fig. B.5). With the close proximity of the poles to the expected
corresponding direction for Morocco, these samples provide the possibility to be dated in order
to confirm the Early Permian age.

The tilt-corrected direction for MB1 (148.4°, -5.1°) does fall within a 10° declination
range to the grouping of TC1, TC2, and TL1, but the tilt-corrected MB1 pole (-47.2°, 44.3°) does
not cluster and falls near the Late Permian-Early Triassic segment of the APWP. The Khenifra
basin posed many problems for samples directions from GB1, GB2, GB3, and GB4 in terms of
significantly more erratic demagnetization behavior as compared to samples from other sites.
Directions from GB2 are very scattered and did not produce a coherent site average. The shallow
inclinations for GB3 are expected for Morocco but the declinations are very far off (Fig. B.4).
Directions from GB1 and GB4 are likely remagnetizations, falling closest to the ~50 Ma section
of the APWP. The calculated tilt corrected direction (167.7°, 1.2°) and pole for SA2 (-53.9°,
14.9°), both do not correspond with expected Early Permian results. While the inclinations for
SA2 are still very shallow (~0°) as expected for Morocco during the Early Permian, the
declination is much more southward, reflecting a possible local rotation (Fig. B.4). The more
southward declination for SA2 results in a pole that is far from the expected segment of the
APWP. One possibility is that the samples are not andesites and instead very altered sandstones.
In this case the sandstones might be a different age while deformation of the sediment may be

influencing the measured direction.
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Correcting for Pangea A vs. B
Better Tectonic Reconstructions?

Different crustal reconstructions have been attempted to address an overlap of Gondwana
and Laurussia in the Carboniferous- Early Permian (e.g. Irving, 1988; Muttoni et al., 2003). This
reconstruction as discussed before is “Pangea A” vs. “Pangea B”. Pangea B is invoked as a
lateral displacement of Gondwana during the Carboniferous to mid-Permian (Domeier et al.,
2012). Supporters of “Pangea B” recognize that the continents must shift to “Pangea A” before
the opening of the Central Atlantic Ocean in the Early Jurassic, so a large megashear is needed to
shift from B to A (Irving, 1977). There is no geological evidence for this large megashear, which
has caused Ross (1979) and many others to reject different tectonic reconstructions as the answer
to this overlap (e.g. Hallam, 1983; Smith and Livermore, 1991).

Octupole Contribution?

Paleomagnetic studies typically assume a geocentric axial dipole (GAD) when analyzing
data. The GAD assumes that the magnetic field averaged over sufficient time will be that of an
axial dipole (Opdyke and Henry, 1969). Therefore, one of the proposals to correct for the overlap
is to argue for a non-dipole field. Van der Voo and Torsvik (2001) conducted a study that looked
at the influence of the octupole field on paleolatitudes. The addition of an octupole field will
correct for the overlap but the influence of an octupole field is found to be a minimum (~0°) at
the equator in the Carboniferous-early Permian when the paleomagnetic data/overlap of
continents is found to be the most problematic (Van der Voo and Torsvik, 2001).

Better Paleomagnetic Data?
One possibility for the unwanted overlap of Gondwana and Laurussia in the Early

Permian is that older paleomagnetic data was lacking in accuracy. Comparison of some older
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studies and this study have shown that previous paleomagnetic data although lacking in quantity
is there in quality. One example is Daly and Pozzi, (1975) where directions from that paper show
similar declinations and inclinations to this study (~144°, 2°). Calculated directions are also close
those reported by Westphal et al. (1975) who reported site-mean directions of 141°, -5° and

137°, -5°. Seeing that previous and current paleomagnetic data concur, the next step is to better
constrain the pole positions with more accurate age dates.

Better Age Dates?

The apparent polar wander path for Pangea in the Early Permian changes by ~4 cm/year
(Marcano et al., 1999). Therefore, age differences in rocks that are being compared can produce
large errors in the paleomagnetic pole position. For example if one compares results from Baltica
that are ~295 Ma with results from Morocco that are ~275 Ma, the 20 million year mismatch of
rock ages can produce an error in the pole positions of ~8°.

As an example, we examine the results of Morel et al. (1981), who sampled what they
believe to be Early Permian rocks based on stratigraphically correlating ages. From that paper,
declinations of roughly 129° and inclinations of +11° were obtained. The authors calculate a
pole for NW Africa (from the Saharan Craton & Moroccan Meseta) that differs from the APWP
of North America. Consequently, they invoke Pangea B and shift Africa into a more suitable
position based on matching paleomagnetic poles. Morel et al. (1981) do not have well defined
ages for their samples, possibly causing mismatched paleomagnetic poles. Without well-defined
ages the authors are comparing directions from samples that may have a very large age
difference, producing large errors in the pole position.

Consequently, comparing pole positions that result from rocks with different ages can

result in the overlap that is observed as a problem in the Early Permian (Veevers, 2013). Given
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this need to correct the Early Permian position of Africa, volcanic samples were chosen to check
the paleomagnetic position and perform new and improved age dating. The ages of these samples
is ~284 Ma. This age combined with the paleomagnetic data, improves the APWP for Africa and
confirms the “Pangea A” configuration in the Early Permian.
B.6 CONCLUSIONS

Better age dates are needed to refine the Carboniferous to Early Permian direction of
Africa in the Pangea model. The very shallow (near 0°) inclinations and SE declinations are the
expected directions for Africa in a “Pangea A” fit for the Early Permian (Domeier et al, 2012;
Torsvik et al., 2012). This is further supported by age dates that constrain the age of the samples

to ~284 Ma and add to the APWP for Africa.

102



TABLES

Table B.1: Paleomagnetic data for samples collected from andesites in the Moroccan Meseta.

IS Mean TC Mean

Bedding Magnetization Magnetization Statistics
Site n/N Strike Dip Dec. Inc. Dec. Inc. a3 k
IS&TC | IS&TC
MB1 5/5 223.5 34.5 152.5 -38.2 148.4 -5.1 4.5 286.8

TCl1 4/6 170.0 5.0 128.3 -10.0 127.8 -6.6 8.9 75.1
TC2 6/6 94.6 6.4 140.6 11.2 141.3 6.6 12.9 28.1
GB1 5/5 252.8 15.6 73 31.1 4.6 16.8 9.3 68.5
GB2 5/5 265.0 16.5 336.6 24.3 338.1 8.6 38.6 4.9

GB3 4/4 102.0 49.8 120.8 -15.7 101.6 -24.3 12.8 52.1
GB4 6/6 295.8 35.6 3543 23.2 356.8 -7.8 11.3 36.0
TL1 11/13 264.4 10.3 133.5 -20.7 136.2 -13.5 4.3 112.8
SA2 6/8 130.4 12.8 166.8 8.9 167.7 1.2 7.4 83.0

Note: n/N, number of samples accepted/measured; IS Dec., In situ declination; IS Inc., In site inclination;
TC Dec., Tilt-corrected declination; TC Inc., Tilt-corrected inclination; a95, radius of confidence circle in
degrees; k, precision parameter (Fisher,1953). Tilt- correction is 100% un-tilting. Strike and dip are
measured in degrees using the left hand rule (LHR). Gray shading indicates a site that was not used in
further analysis because the site k value is less than 10.

Table B.2: Calculated poles of measured directions from andesitic sites collected from Morocco.

Site | Plat(IS) | Plon(IS) | Plat(TC) | Plon (TC)
MBI -62.9° 64.4° -47.2° 44.3°
TC1 -30.8 67.5° -29.4° 65.9°
TC2 -33.4° 48.8° -35.4° 49.7°
GBI -70.6° 336.5° -63.2° 345.9°
GB3 -30.0° 73.8° -16.4° 89.1°
GB4 -68.4° 9.6° -52.9° 359.6°
TLI -41.8° 66.6° -41.5° 60.3°
SA2 -49.9° 14.4° -53.9° 14.9°

Note: Pole latitude (Plat) and pole longitude (Plon) are listed for the in situ (IS) and tilt-corrected (TC)
directions for each site collected.
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