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Abstract

Iron is ubiquitous in most systems and the magnetic properties of natural materials
can provide insight into Earth and environmental processes. This dissertation includes
two studies on using magnetic properties to enhance our understanding of Earth’s sys-
tems and one study to advancing techniques in rock magnetism. The rst part of this
dissertation examines the potential of speleothems as recorders of paleosecular varia-
tion of the Earth’s magnetic eld. We precipitated ammonium dihydrogen phosphate
speleothems analogs with di erent ratios of magnetite and kaolinite clay. Through
these experiments and modelling, we nd that sensitivity to eld strength is non-linear
and maximized for an intermediate ratio of magnetite to kaolinite. The mechanism of
speleothem remanence acquisition can be described by a two-step process: occulate mo-
ment alignment with the eld and occulate-substrate interactions. These ndings have
important implications for speleothem relative paleointensity studies since the delivery
of detrital material within drip waters varies over time, causing a speleothem’s alignment
e ciency to uctuate. The second study characterizes red layers that are relatively com-
mon in Bahamian speleothems, but the formation mechanism is not well agreed upon.
Using electron microscopy and magnetic measurements, we nd that the red layer is
composed of iron-oxide framboids that likely initially precipitated as pyrite. We nd
that these psedomorphs can be used as an indicator of high sea-levels across carbonate
speleothem records. The last study involves advancing techniques in rock magnetism.
Measurements of susceptibility as a function of temperature are an important, standard
method of quantifying a sample’s magnetic mineralogy and high temperature suscep-
tibility bridges (HTSBs) are common in rock magnetism laboratories. Here, we argue
that HTSBs can be used to simultaneously perform simple di erential thermal analysis
(DTA), a technique used to measure phase transitions and exo-/endothermic reactions.
For standard samples of vivianite, goethite, and maghemite, we identify DTA-analogous
information. In the case of goethite and vivianite, the reactions identi ed do not have
a corresponding expression in susceptibility, demonstrating that this approach expands
the utility of this common instrument.
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Chapter 1

Introduction

Iron is ubiquitous in most systems and accounts for more than 30% of Earth's mass
[25]. The redox potentials for ferrous Ee?*) and ferric (Fe3") are strongly tied to the
redox reactions of common elements, like carbon, nitrogen, oxygen, and sulfur. Iron's
redox dependent solubility, sorption, and co-precipitation properties [13] result in it
being integral to many Earth and environmental processes. Additionally, as iron-rich
materials are incorporated into many di erent environments, they are also a ected by
the Earth's magnetic eld.

Although iron is ubiquitous, it is often concentrated in accessory minerals that are
di cult to analyze using traditional characterization methods, like x-ray diraction
or petrographic microscopy. Magnetic methods can be a powerful tool to measure
and characterize Fe-bearing minerals. The composition, concentration, and grain size
distribution of Fe-bearing phases in a material are a re ection of the environmental
conditions in which it formed.

Studies that utilize magnetic methods are often characterized into two major cate-
gories - paleomagnetism and environmental magnetism. Chapters 2 and 3 provide case
studies of past changes in magnetic eld and environmental conditions using speleothems.
In chapter 4, we develop a methodology to gain colorimetric information while measuring
magnetic properties to better characterize samples. The primary goal of this disserta-
tion is to improve our ability to interpret paleomagnetic and environmental history as
it is recorded and preserved in speleothems.



1.1 Speleothems

Speleothems are secondary carbonate deposits that form in karst environments. While
there are numerous types of speleothems, the most well-known formations are stalag-
mites, stalactites, and owstone. These formations are composed of calcium carbonate
(CaC03), usually as the minerals calcite or aragonite. The precipitation of speleothems

is driven by the partial pressure of carbon dioxide CO;) according to

2+
|C:a(aq) + 2{|Z'|CO3 (aqg $ IC:aC03(S) + |—{|:220(|) + COZ(g} (11)
carbonate dissolution carbonate precipitation

Modern atmospheric p CO, is close to 0.04% [14]. In comparison, sopCO, levels
are close to 0.1-3.5%, pushing the system towards carbonate dissolution [26]. As weakly
acidic ground water percolates through soil and karst, it dissolves the underlying lime-
stone, picking up aqueous calcium Ca?*) and bicarbonate (HCOg3). In caves, the
pCO:, is lower than in groundwater, and this disequilibrium causes the dissolvedC O,
to degas. In turn, this degassing causes the reaction to shift back towards carbonate
precipitation, forming speleothems.

Speleothems have long been used as records of past environments, partially because
they can be dated with high temporal resolution. Speleothems that grow in areas
of seasonal precipitation and a large water source often have annual banding. This
banding can manifest as changes in calcite fabric/porosity, organic matter, and trace
elements/isotopes [7, 1]. Additionally, speleothems younger than 650,000 years can
be dated using U-Th dating. Combining these techniques when possible can provide
well-dated constraints on past environments [10].

Studies of speleothems often use isotopes and trace elements as paleoclimate proxies.
The most commonly examined proxies are growth rates, oxygen ¢20) isotope ratios,
carbon ( 13C) isotope ratios, annual band thickness, and trace elements [5]. These
proxies vary in response to general climate trends, rainfall properties, and changes in
overlying soil and vegetation [5, 32].



1.2 Paleomagnetism

The Earth's ambient magnetic eld varies across many timescales, from reversals of the
core eld at a scale of hundreds of thousands of years to millisecond scale variations
due to atmospheric and anthropogenic forcings [3]. Longer timescale variations are
driven by processes in the Earth's core and (to an extent) the mantle. Earth's magnetic
eld can be generalized as a dipole, however, higher-order components play a signi -
cant role in describing secular variation and modeling core processes [20]. Along with
eld reversals, other variations in geomagnetic eld include decadal variations (geomag-
netic jerks/spikes), multi-decadal disturbances in the otherwise smooth secular varia-
tion (archeomagnetic jerks), and centennial to millennial scale deviations (geomagnetic
excursions). To understand these relatively fast variations, we need well-constrained
paleomagnetic records with high-temporal resolution.

For these short-term processes, speleothems have a distinct advantage over vol-
canic or other sedimentary materials. Volcanic materials are high- delity paleomag-
netic recorders that can be dated. However, these do not provide a continuous record
| only snap-shots of the Earth's magnetic eld at the time of volcanic events. Sedimen-
tary records are often used for studies on paleomagnetic secular variation because they
provide a near-continuous record. However, most of these materials are subject to post-
depositional e ects that can change the remanence recorded. Post-depositional e ects
include processes like compaction, slumping, and bioturbation, which can a ect the nal
direction and intensity of the remanent magnetization [33, 24]. Additionally, sedimen-
tary rocks often have a protracted lock-in time, the period during which sediments are
still water rich and magnetic grains can freely rotate. Lock-in times can range up to
hundreds of thousands of years, smoothing out secular variation over that time period
[28, 29]. On the other had, one of the main advantages to using speleothems for pale-
omagnetic studies is the lack of post-depositional processes and the quick (potentially
sub-annual) lock-in time. This allows for the potential for extremely high-resolution
records of the geomagnetic eld.

The Earth's magnetic eld is a vector eld, meaning that each point in space cor-
responds to a direction and magnitude. In general, two di erent sets of paleomagnetic
experiments are needed to measure paleodirection and paleointensity. Paleodirectional
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studies require careful step-wise demagnetization to ensure that the original paleomag-
netic direction has been preserved. Paleointensity studies involve remagnetizing the
sample using a known laboratory eld to compare to the original remanence.

In general, paleodirectional records from speleothems are considered reliable and
are held by magnetite and maghemite grains that are stable over geologic time scales.
Since the seminal study by Latham et al. [16], many studies have used speleothems as
records of paleodirection. Measurements from the tops of actively growing stalagmites
record the ambient eld direction [16]. Additionally, measurements of speleothems from
the same locality that record the same periods of time have decently correlated pale-
odirectional recordings with each other and an archeomagnetic record [21]. An exper-
imental study using the crystallization of molten sodium thiosulfate to experimentally
test remanence acquisition in a setting similar to speleothems found that the arti cial
speleothems accurately recorded the ambient magnetic eld [22]. However, these are not
perfect recorders of past eld direction, notably radially symmetric directional distor-
tion has been observed in speleothems. In sediments, the main distortion from the true
direction is inclination shallowing, attributed to settling during deposition, compaction,
or post-depositional processes like bioturbation [2, 30]. Since many of these processes
are thought to not occur in speleothems, the mechanical rolling of the grains to the edges
was proposed as the mechanism of these radially symmetric remanent direction trends
[27]. However, it is noteworthy that both steepening and shallowing of inclination has
been observed in speleothems [27, 11]. Additionally, studies on the remanent magnetic
fabrics of speleothems did not nd a relationship to the calcite growth direction. Un-
derstanding how the core or ank a ects the directional records is important, especially
as the anks have been preferred for environmental magnetism studies since they have
a higher concentration of magnetic minerals [8]. For directional studies, it is important
to use the horizontal center of the stalagmite for the most accurate information or to
use a correction factor, as is done for sediments.

One the other hand, paleointensity records of speleothems are less well-understood.
In general, sedimentary materials, including speleothems, are used to extract a relative
paleointensity record. These records can then be tied to absolute paeointensity esti-
mates determined from other, usually igneous, samples. The magnetization process in
sedimentary materials is known as detrital remanent magnetization (DRM), in which
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grains settling on a surface physically rotate to align with the ambient eld. However,
it has been noted that sedimentary materials rely on realignment of the grains through
post-depositional processes to record a paleointensity [33]. Since speleothems are not
subject to most post-depositional processes, the process by which an intensity signal is
recorded is distinct from sediments. Chapter 2 addresses fundamental questions per-
taining to the processes a ecting remanence acquisition in speleothems and how that
relates to their ability to record a paleointensity signal.

1.3 Environmental Magnetism

The eld of environmental magnetism uses magnetic measurements to track environ-
mental processes. Rock magnetic characteristics including magnetic mineral concentra-
tion, composition, morphology, and grain size can be used as a proxy for changes in
other environmental conditions [31, 19]. These changes can be linked to forcings such
as variable climate [18], provenance [23, 17, 6], or intensity of chemical alteration [15].
One of the advantages of using rock magnetism for tracking this process is the rela-
tive speed and ease of measurements, and one of the most used properties is low- eld
magnetic susceptibility. In Chapter 4 we develop a methodology to gain colorimetric
information while measuring high-temperature magnetic susceptibility. This makes it
possible to gain insight into minerals that may not have a strong signal while measuring
susceptibility.

Environmental magnetism techniques can also be applied to speleothems. Changes
in climate and vegetation lead to measurable di erences in soil magnetism [9], and it
has been shown that magnetic material in speleothems is derived from soil overlying
karst systems [12]. Often, high concentrations of magnetic materials in speleothems
are connected to hiatuses, extreme precipitation events [4], ooding events [6], which
result in increased concentrations of magnetic materials on the surface of speleothems
[4, 8, 6]. Chapter 3 focuses on hiatus layers from a submerged speleothem and uses
iron-rich minerals precipitated during the hiatus to identify di erent stages of a sea
level highstand.
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Chapter 2

The Importance of Clays in
Speleothem Magnetic Remanence
Acquisition

Published in Scientic Reports . This version of the article has been
accepted for publication, after peer review but is not the Version of
Record and does not re ect post-acceptance improvements, or any cor-
rections. The Version of Record is available online.

Abstract

Speleothems are promising recorders of paleosecular variation of the Earth's magnetic
eld, but ambiguities remain about the physical processes active during remanence
acquisition. Speleothems have been used to determine relative paleointensity using
classical methods for sedimentary materials. We created arti cial speleothems by pre-
cipitating a solution of ammonium dihydrogen phosphate mixed with varying ratios
of magnetite and kaolinite clay. These experiments were carried out over a range of
Earth-like eld intensities ranging from 15to 70 T , allowing us to determine the con-
ditions that maximize eld sensitivity. We nd that our arti cial speleothems are good
recorders of direction except for samples grown at low applied eld strengths (15T )

10
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with a high magnetite to clay ratios (1:4). At any given eld strength, more clay re-
sulted in lower alignment e ciencies. Field sensitivity, or the amount of variation in
the alignment e ciencies over the range of applied eld strengths, was maximized for
an intermediate ratio of magnetite to clay and nonlinear for the range of experimental
and model parameters tested. The mechanism of speleothem remanence acquisition can
be described by a two-step process: occulate moment alignment with the eld and
occulate-substrate interactions (FSIs). These ndings have important implications for
speleothem relative paleointensity studies since the delivery of detrital material within
drip waters varies over time, causing a speleothem's alignment e ciency to uctuate.

2.1 Introduction

Speleothems (eg stalagmites, stalactites, and owstone) are secondary sedimentary de-
posits that can act as records of paleomagnetic secular variation, or the spatial and
temporal variability of the prehistoric magnetic eld. Sedimentary materials are useful
for paleomagnetic secular variation studies as they provide near-continuous records of
geomagnetic eld behavior. In particular, stalagmites and owstones have been used in
paleomagnetic studies. These speleothems have a unique formation process compared to
other sedimentary materials. Stalagmites are formed when water drips from the ceiling
of a cave onto the ground. The lowerC O, concentration inside the cave causes degassing
of the water, resulting in carbonate precipitation. The degassing and precipitation is
further promoted by splashing on the stalagmite surface by reducing the surface area
of the water droplets forming thin, concave-down, stacked layers. Each layer is ap-
proximately horizontal in the middle and thins out at the vertical edges. Flowstones
precipitate as water ows along cave walls, with the low caveCO, driving degassing.
As these speleothems grow, factors such as the drip rate, saturation, and impurities
a ect what kind of carbonate fabric precipitates [12]. On precipitation, impurities in
the water (eg. magnetic materials, aluminosilicates, silicates) can get entrapped within
the stalagmite structure.

Perkins and Maher [36] enumerated some of the advantages that speleothems have
over traditional sedimentary material used for paleomagnetic studies. These advantages
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include a sub-annual lock-in time, no compaction or slumping, identi able recrystalliza-
tion, and the ability to be dated via U-series methods. Since the seminal study by
Latham et al. [26], speleothems have been used for paleodirectional studies. The eld
directions recorded by the tops of actively growing speleothems re ect the modern day
eld [26]. Additionally, Morinaga et al. [30] used a mixture of molten sodium thiosul-
phate and magnetic separates from natural cave deposits to show that arti cial stalag-
mites crystallized in the lab accurately record the ambient eld direction. Although
there are signi cant di erences from the natural process of speleothem formation, this
is one of very few studies that attempts to recreate speleothem magnetic remanence
acquisition in a laboratory setting.

As speleothems have become an increasingly popular choice for paleomagnetism, it
is necessary to understand the unique mechanics of their remanence acquisition pro-
cess. In this study, we precipitate speleothem analogs under di erent eld intensities
to understand their ability to record magnetic eld information. By introducing clay
minerals, we study how occulation a ects the remanence acquisition process.

2.1.1 Speleothem paleointensity

Basic detrital remanent magnetization (DRM) theory [31] suggests that isolated mag-
netic particles in a water column should fully align with the ambient eld very rapidly;
however, most sedimentary samples have a relatively low alignment e ciency. Multiple
post-depositional processes and occulation are usually invoked as the reason for the
low intensity DRMs measured. Speleothems are unique in their remanence properties
because they have a relatively high alignment e ciency compared to other sedimentary
recorders (Figure 2.1). Alignment e ciency is approximated here as a ratio of the mag-
nitude of their natural magnetization to the magnetization gained when exposed to a
large magnetic eld, or the natural remanent magnetization (NRM) to the isothermal
remanent magnetization (IRM). The alignment e ciency of speleothems falls mainly
between 0.5 and 10%, which is on average 1-2 orders of magnitude higher than that of
other sediments. This is an important consideration since estimates of paleointensity
rely on a linear relationship between alignment e ciency and ambient eld strength.

In materials with a high degree of particle alignment, like in speleothems, this quality
could lead to a general insensitivity to variations in magnetic eld intensity.
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Multiple studies have used speleothems as recorders of relative paleointensity [25,
32, 37, 50, 20]. In particular, speleothem paleointensity studies have been successful in
characterizing brief intervals of very high or low intensities [32, 25]. The main methods
for calculating relative paleointensity are normalization of the NRM using IRM or an-
hysteric remanent magnetization (ARM) and the pseudo-Thellier method [48]. Ponte
et al. [37] found good agreement between all three of these methods for a mid-Holocene
speleothem from Portugal. However, while the records follow similar trends, absolute
paleointensity is harder to determine. Trindade et al. [50] calculated paleointensity us-
ing the pseudo-Thellier method on two contemporary stalagmites from the same cave
system. While the trends follow those predicted by global geomagnetic eld models,
both stalagmites required di erent scaling factors in order to match the expected range
of intensity variation. To directly calculate past eld intensities, we have to determine
what factors drive remanence acquisition.

2.1.2 Accessory minerals in speleothems

During the formation of a speleothem, a minor fraction of accessory minerals are in-
corporated into the speleothem's carbonate structure. These accessory minerals may
originate from four separate sources. One source is drip water, which picks up grains
from the soil and epikarst as it percolates through cracks and ssures, eventually falling
onto the wet surfaces of actively growing speleothems. Another source can be peri-
odic ooding of the cave that deposits coarse detrital material or splashing of cave
sediments onto the anks of the speleothems. Third, detrital material may come from
windblown sediment for speleothems near cave entrances. Lastly, minerals incorporated
into speleothems may be authigenic [6, 35, 45, 9, 33, 16]. Here, we will be focusing on
detritus entering the system via drip water, as that is the main continuous source of
magnetic material for most speleothems.

The majority of detritus in speleothems is non-magnetic [35, 54, 46, 52]. In a study
of speleothems from localities in England and Wales, less than 1 wt% of the speleothem
mass came from detrital content, and of that, the majority was quartz, with lesser
amounts of chlorite, muscovite, and other unidenti ed aluminosilicates [35]. In a study
on speleothems from southern Minnesota, 5-6 g of the speleothem had about 50 mg of
non-carbonate minerals, of which about 0.1 mg was magnetic [46]. Measurements of
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stalagmites from caves near the Yantze River in China found less than 60 ppm of iron
[54].

The primary magnetic remanence holders in speleothems are magnetite, maghemite
from soils, and allochthonous titanomagnetite. Although other magnetic minerals,
such as goethite and hematite, are commonly found, most of the NRM signal of most
speleothems comes from low coercivity minerals [45]. Both magnetite and titanomag-
netite have morphologies ranging from euhedral to heavily abraded [45]. Because cave
conditions are not thermodynamically favorable for magnetite formation [34, 45, 17],
both the abraded and euhedral magnetite are likely detrital with the di erence in abra-
sion due to distance traveled [35]. Titanomagnetite forms exclusively in igneous envi-
ronments, so it must be detrital as well. Strauss et al. [45] found that the grain sizes
ranged from superparamagnetic to multi-domain. However, the remanence is dominated
by single domain and pseudo-single domain grains with bulk coercivities ranging from
5to 20 mT.

An essential observation for the acquisition of remanence in speleothems is that
their constituent magnetic minerals are unlikely to occur as isolated grains. Instead,
iron oxides are incorporated into speleothems through low density aggregates of natural
organic material and aluminosilicates [15] (Figure 2.2a). Imaging of the detritus in
stalagmites show clay grains associated with iron oxides [38, 53]. The size of aggregates
transported through drip water is limited by that of the pores and ssures within the
epikarst. Bull [6] found very few grains exceeding 45m that were deposited through
cracks and ssures, with the vast majority much smaller[15].

2.1.3 Alignment and deposition of magnetic grains

Magnetic materials introduced to a stalagmite via drip water must settle through a Im

of water 0:05 0:2 mm thick [2, 24] on the stalagmite surface. Our understanding of
magnetic alignment in speleothems is based on the model proposed by Nagata [31], in
which the aligning torque is countered by the viscosity of the uid. According to this
model, a speleothem's water column is thick enough that single-domain sized magnetite
grains should completely align with the eld within their settling time. One way of
slowing down the rapid alignment with the eld is to introduce occulation, which
increases the mass of a settling unit relative to its magnetization. As the co-occurrence
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of alumnosilicates and magnetic minerals have been noted in both cave dripwaters [15]
(Figure 2.2a) and preserved in stalagmites directly [38], it is reasonable to assume that
occulation contributes to lower alignment e ciencies in speleothems. Models show
that that occulation can result in a lowering of alignment e ciency that results in a
sensitivity to eld intensity [22, 49, 29].Variations in occulate size also signi cantly
a ect the magnitude of the relative paleointensity signal [29].

Speleothems, such as stalagmites and owstones, frequently show banding parallel
to paleo-growth surfaces. Previous magnetic studies of speleothems have proposed using
this banding as a basis for applying bedding corrections to remanence directions in an
e ort to ameliorate inclination shallowing [54, 37]. Although these studies document a
relationship between the orientation of the banding and the inclination acquired within
a speleothem, corrections based on "unfolding" of the remanence directions using this
banding do not lead to improved clustering of paleomagnetic directions [54].

While it is tempting to think of such banding as smooth paleogrowth surfaces, in
reality, growth surfaces of stalagmites and owstones are highly textured surfaces in-
uenced by carbonate crystal fabrics. As suspended magnetic occulates settle, the
surface texture is likely to play an important role in particle alignment and ultimately
on the direction and intensity recorded by the material. Speleothem fabrics have been
di erentiated into ve categories, mainly based on the size and shapes of the carbonate
crystals [12] and fabrics can further be a ected by the carbonate mineralogy [38, 5].
As climate and hydrology change, the actively growing fabric will also change. High-
resolution scanning electron microscopy (SEM) images of these di erent fabrics show
surface topography on the order of and much larger than the size of occulates found
in cave dripwater (Figure 2.2b). For example, surfaces of speleothems with columnar
fabric have pores on the order of tens of microns [12, 4]. Frisia et al. [13] proposed
a model of calcite growth that supports detrital accumulation in the pore spaces be-
tween calcite crystals. In the candle-like, columnar stalagmites that are the focus of
most paleomagnetic studies, the fast-growth direction of calcite (the c-axis) tends to be
oriented nearly perpendicular to the growth surface. In the center of a stalagmite, this
would result in vertically oriented pore spaces where particles would settle on highly
tilted surfaces. Along the anks of a stalagmite, such pore spaces will be more shallowly
oriented. Landing on a slope a ects the direction recorded [23] and, on a speleothem,
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there is a range of tilted surfaces facing di erent directions.

In this study, we precipitate speleothem analogs to explore the relationship between
clay availability and the sensitivity of paleointensity measurements. These experiments
focus on recreating occulates of clay and magnetite settling through a water column
and interacting dynamically with an actively growing crystalline matrix with a range of
oriented surfaces. We do not produce stalagmite-like morphologies on a large scale, but
these experiments capture the essential processes thought to occur within stalagmites.
We then use numerical simulations to further explore the e ects grain size, length of
the water column, and interactions with the speleothem surface.

2.2 Experimental results

Arti cial speleothems (Figure 2.2c) were precipitated from ammonium dihydrogen phos-
phate (ADP) in four di erent eld intensities (15, 30, 50, 70 T ) and with four di erent
ratios of magnetite to kaolinite (Table 2.1). In order of decreasing mass ratios of mag-
netite to kaolinite, the four ratios are: 1:0, 1:2, 1:3, and 1:4. A full description of the
precipitation process and the materials used is provided in the Methods section.

2.2.1 Directional analyses

Calculated Fisher mean and g5 values for each growth type overlap with the applied
eld direction during growth (Figure 2.3a). The magnetite-only samples (1:0 mixture)
had an average inclination slightly steeper than the applied eld. With increasing
amounts of clay, there was a slight shallowing of the inclinations and an increased
spread of recorded inclinations (Figure 2.3b). With the exception of the 1:4 mixture
growth at 15T , the arti cial speleothems were able to faithfully record the applied
eld direction within a 95% con dence interval.

Figure 2.3c shows the angular mis t as a function of the growth eld. Angular mis t
was calculated as the total angle between the applied eld and measured remanence.
As the applied eld increased, the variation in angular mist decreased. A 15 cuto
was used to lter the specimens for intensity calculations.
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2.2.2 Alignment e ciency and intensity relationship

The alignment e ciency of the arti cial speleothems is calculated as the ratio of the
NRM to the IRM. For our arti cial speleothems, it ranges between 1 and 30%. When
grouped by growth type, the 1:0 mixtures have the highest alignment e ciencies with a
mean value close to 21% and a standard deviation of 5%. This is higher than the align-
ment e ciencies found in natural speleothem samples. The mean values for alignment
e ciency of the other mixtures range between 1 - 10%. These values overlap with the
e ciencies found for natural speleothems (Figure 2.1).

The relationship between the applied intensity of the growth eld and the calculated
intensity is explored by plotting the alignment e ciency as a function of the applied
growth eld (Figure 2.4). Intensity was calculated using only specimen that passed the
directional Iter (Figure 2.3c). The 1:0 mixtures have no distinguishable dependence
on the applied eld. With decreasing ratios of magnetite to clay, the average alignment
e ciency decreases but the sensitivity to changes in eld increases. The moderate
magnetite to clay ratios (1:2, 1:3) resulted in a slightly positive trend. Due to its
greater amount of magnetite, the 1:2 mixture had NRM intensities about four times
higher than those of the 1:3 mixture. However,the sensitivity to the eld is higher for
the 1:3 mixtures than for the 1.2 ones. Finally, the mixture with the lowest magnetite
to clay ratio (1:4) had a very low dependence on growth eld. Hence, eld dependence
appears to be optimized for a certain range of ratios.

2.3 Modeling alignment of occulates in a water column

We used numerical models to better understand the dominant in uences on speleothem
remanence acquisition. Acquisition of DRM via occulates has been modeled by nu-
merous studies [49, 22, 43, 29, 42], but not speci cally for the physical and mechanical
properties of speleothems.

Flocculate sizes were set by sampling from a log normal distribution with a mean
radius of &5 m to match the size of occulates imaged in cave dripwater [15] and a
sigma of 1. To get a magnetization, occulate size was mapped to an integer number of
associated magnetic grains between 1 and 6, resulting in more magnetic grains on larger
occulates. Magnetite grain sizes were pulled from one of two log-normal distributions,
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one based on coercivity measurements and one based on magnetic separates. These two
distributions allow us to compare our arti cial speleothems with natural ones. Based
on measurements of magnetic separates from a speleothem, the magnetization of the
detrital material is approximately 3 A=m [45, 46]. This is about an order of magnitude
greater than the 0:33 A=m volume magnetization used for other occulate models [49],
but this bulk sample includes ood layers enriched in magnetic material, so it is not
surprising that the magnetization is high. Assuming the magnetization comes from a
single prolate magnetite particle with an axial ratio of 1.33 and a saturation magne-
tization of 92 Am?2=kg [8], this corresponds to a grain diameter near 30 nm. To stay
within the range of single domain magnetite, we used prolate magnetite particles with
an axial ratio of 1.33 and pulled from a log normal distribution with a mean width
of 40 nm and a sigma of 0.1. This results in occulates with magnetizations ranging
between 10 '8 and 10 °® Am?2. Alternatively, magnetite grains were pulled from a log
normal distribution with a mean radius of 0:22 m and a sigma value of 0L and given
an axial ratio of 1.33, which matches the distribution of magnetite powder [51] used
in the experimental section. Because these grains are larger than single domain, the
magnetization was calculated by approximating the saturation magnetization as 12% of
the standard value for magnetite. This resulted in occulates with magnetizations on
the order of 10 > Am?2. Each magnetite grain was assigned a random direction, and
the magnetization of each occulate was found by vector addition of the grains. This
method of creating occulates results in a positive correlation between magnetization
and occulate size, as suggested by Tauxe, Steindorf, and Harris [49].

Flocculate rotation is governed by
d? d .
7 S

Ll S - magnetic
inertial viscous

wherel is the moment of inertia, is the angular misalignment between the magnetic
moment and the magnetic eld, is the translational viscosity of water, m is the
magnetic moment, and B is the magnetic eld. The viscosity term used here is that
for a spherical particle, as the viscosity term gets complicated very quickly when non-
spherical shape parameters are introduced [21]. Following Nagata [31], the inertial term
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is dropped resulting in the following equation of motion

tan 5 = tan Eoe mBt=8r 3 (2.2)

where , is the initial angular misalignment. Time, which is correlated to water col-
umn length, is the limiting factor to complete alignment with the applied eld direction.
Speleothems have a water column thickness of approximately 106 [24] and our arti -
cially grown stalagmites had a water column thickness of approximately 5 mm. Velocity
of the occulates was calculated according to the empirical relationship found by Gibbs
[14] for estuarine occulates of

v=1:1r078 (2.3)

This relationship takes into account the decreasing density of occulates with increasing
size. By combining the equation of motion with the velocity equation, the angle of
misalignment as a function of the depth of the water column is:

o mBI

5 > (2.4)
wherel is the length of the water column in meters.

The applied eld for each simulation is downward in the +90 inclination direction.

In this approach, only the inclination of the occulates changes during alignment. Solv-
ing Equation 2.4 gives the nal inclination of the occulate. Each simulation included
500 occulates, all of which were vector summed to calculate the total DRM intensity
and direction. To normalize it, we calculated a saturating IRM. The occulate's rota-
tion was applied to each magnetite grain associated with it. The magnetite grains were
assumed to have uniaxial anisotropy, so the moment of any grain with a negative incli-
nation was reversed to simulate an IRM applied in the +Z (90 inclination) direction.
The vector sum of the moments is the IRM.

Each simulation of 500 occulates was run 20 times at each of the four elds that
correspond to those of the arti cial speleothem growth experiments (1530;50;70 T ).
The results of these simulations are shown in Figure 2.5.

Overall, these show a positive relationship between alignment e ciency and the
intensity of the applied eld. Smaller magnetite grains result in smaller grain moments
and correspond to the largest sensitivity to applied eld, with an  30% increase in the
mean values between 15 and 70T . Larger grain sizes result in less eld dependence
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with only a 0.4-6% increase in mean value. The most analogous simulation to our
experiments is the larger grain size with the longer water column length. The very
small increase in e ciency seen in the experimental results matches that seen in the
modeling results. None of these scenarios have a linear relationship. In all four, the
slope attens at high eld values.

Additionally, these models were run for occulates of varying sizes but with similar
moments, with magnetite grain sizes pulled from the distribution centered around a 40
nm diameter. As occulate size increased, the alignment e ciency decreased. Field
sensitivity was similar for occulates with radii between 1 2 m but decreased for
occulates outside that range.

2.3.1 Interacting with a highly textured surface

Another notable di erence between simulations and experiments is that the average ef-
ciency is still much higher for the simulations. There must be a secondary mechanism
that lowers the overall alignment e ciency but does not necessarily have a eld depen-
dence. Here, we explore the e ect of occulate rotation upon landing on the actively
growing carbonate surface.

As the occulates settle onto the speleothem surface, they interact with a steeply
sloping, textured surface. This causes them to settle into the pore space between growing
calcite grains. To approximate the e ect of this process, we introduced a random nudge
to all of the occulates that account for landing-induced rotation. This was achieved
by generating a random rotation angle ( ) for each occulate and rotating the grain
degrees around an axis in the horizontal plane with a random declination. The value
was drawn from a linear uniform distribution between o, and + .

As the randomization angle increases, the overall alignment e ciency decreases (Fig-
ure 2.6). However, for randomization angles below 120 the overall shape of the function
is similar. At higher values of , the slope changes signi cantly, making it di cult to
extract the applied eld from the alignment e ciency.
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2.4 Discussion

The incorporation of magnetic materials in speleothems can be described by a two-
step process. The rst step is alignment of grains within the water column, which is
highly in uenced by occulation and has a dependence on growth eld. The second step
involves a relatively eld-independent process related to the interaction of the occulates
with a very rough, actively growing crystal matrix. This lowers the alignment e ciency
and also slightly obscures the eld dependence.

An important observation is that the relationship between applied eld and align-
ment e ciency is not linear. To quantify the relationship, we used a modi ed version
of the Langevin function.

L(B)=cothE B C (2.5)

which describes the relationship between magnetization and eld. B is the applied
growth eld and C is a constant. The main tting parameter is , which scales with
how angular the approach to saturation is. Lower values of correspond to a sharper
approach towards saturation and a lower overall sensitivity to the changes in eld inten-
sity at high eld values. C is a constant that re ects the saturation alignment e ciency
at high growth elds. The Langevin function has been used to describe the saturation
alignment of small particles subject to Brownian motion [44]. In the models, the simu-
lations with the highest sensitivity had a non-linear dependence on eld that attened
out within Earth-like eld values. This agrees with previous modeling by Mitra and
Tauxe [29] which predicts a non-linear dependence on eld with no inclination shal-
lowing for the size of occulates used in this study. This is consistent with what we
found; our directions recorded matched the applied eld, but the relationship with eld
intensity was non-linear both in modeling and experiments. As the length of the water
column increased, decreased, resulting in less sensitivity to the eld. This non-linear
relationship means that distinguishing between low eld values is easier than doing so
for high eld values. Hence, it might be easier to identify periods of anomalously low
eld intensity[25], than discriminate between multiple high eld intensities. Osete et al.
[32] is an example of using a speleothem's recording sensitivity to distinguish between
low and high paleointensity regimes across a geomagnetic instability.

Magnetite grain size in natural speleothems is closer to the ner grain size range
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modeled [45]. As the grain size increases, the sensitivity to growth eld decreases, as
seen by the barely resolvable relationship with growth eld of the arti cial stalagmites.

In speleothems, the sizes of occulates are limited by the porosity of the epikarst. Hence,
the occulates are likely to be of similar size and smaller than the ones modeled in this
study. Both these cases result in a non-linear but relatively strong eld dependence,
however, the alignment e ciency of the models is signi cantly greater than that of the
arti cial and natural speleothems.

Our arti cial growth experiments showed that occulation decreased the overall
alignment e ciency, lowering from near 20% for pure magnetite to between 1% and
15% for mixtures with clay. One possible result of increasing the amount of clay relative
to magnetite is the creation of more occulates that are the same size, but with fewer
magnetite grains per occulate, and hence lower moments. The e ect of this can be seen
by comparing the model runs in Figures 2.5b,d to those in Figures 2.5a,c. The smaller
grain size of magnetite resulted in an e ective overall smaller occulate moment. These
simulations had a lower alignment e ciency and a greater eld dependence (higher )
than the simulations of occulates with larger magnetic moments. The other possible
result of increasing the total amount of clay relative to the amount of magnetite is
to maintain occulates with the same overall moments but much larger radii. This
scenario is explored in the models shown in Figure 2.5e. In general, larger occulates
result in lower alignment e ciencies. However, the value is maximized for the 2 m
case, indicating that eld sensitivity is maximized at a certain ratio of magnetite to
clay. This is in line with the numerical simulations done by Mitra and Tauxe [29]
that found that increasing the occulate size from 2 m to 3 m signi cantly reduced
the sensitivity to the eld strength. If increasing the amount of clay results in both
of these e ects happening in tandem, it is reasonable to assume that there is a range
of clay to magnetite ratios with an optimal sensitivity to Earth-like eld strengths.

As seen in the experimental results, the average alignment e ciency peaks for the 1.3
mixture. For natural speleothems, natural uctuations in the delivery of clay grains
will a ect these two separate occulation-related processes. This makes it di cult to
directly compare the paleointensity recorded by sections within the same speleothems
or between speleothems from the same cave system, even though these typically exhibit
a highly uniform magnetic mineralogy.
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The interaction between the clay-magnetite occulates and the actively growing,
highly textured crystals in a speleothem results in rotation and reorientation of the
occulates, which in turn decreases overall alignment e ciency. Here we model these
occulate-substrate interactions (FSIs) using the , parameter. For example, lowering
the alignment e ciency for 1 m occulates settling through 100 m of water (Figure
2.5a) from the 50% seen in simulations to the 15% seen in natural samples, corresponds
to an , of 150 (Figure 2.6). At this degree of FSI randomization, the directional
recording is still accurate ( g5 =5 ), but the sensitivity to the strength of the applied
eld is diminished. The resulting sensitivity to eld strength after FSI randomization
may still allow researchers to distinguish between periods of very high and very low eld
intensity (e.g, geomagnetic excursions, reversals, and spikes), but subtle variations in
eld strength are unlikely to be resolvable from speleothems.

The highest alignment e ciencies are associated with the magnetite-only experi-
ments. Theoretically, the size and magnetization of these magnetite grains should have
allowed them to be fully aligned with the laboratory eld. Ideally, the only mecha-
nism that would then lower the alignment e ciency in the magnetite-only experiments
would be grain rotations as the magnetite settled onto the highly uneven surface of the
ADP crystals. However, despite the ultrasoni cation step, it is possible that some of
the magnetite grains adhered to one another via magnetostatic interactions, thereby
creating magnetite aggregates with elevated masses and lowered net magnetizations,
which in turn would lower their alignment e ciency. We do not believe that such mag-
netostatic interactions occur in natural speleothems. First-order reversal distributions
on speleothems show a strong component of non-interacting single-domain magnetite
during their normal growth periods [10].

The relationship between alignment e ciency and the amount of detrital material
in a speleothem can be seen in natural samples as well. A study by Zhu et al. [54]
compared the magnetic fabrics of two speleothems from two di erent cave systems
along the Yangtze River. One speleothem had a columnar calcite fabric with an overall
alignment e ciency near 3.4%. The easy axis of remanence anisotropy was very close
to the NRM direction, suggesting that the ambient magnetic eld strongly controls the
anisotropy. The other speleothem had a microcrystalline fabric with annual banding
and an average alignment e ciency near 0.86%. Its easy axis was unrelated to both
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the calcite growth direction and the NRM direction. The microcrystalline speleothem
had a much higher concentration of impurities (6942-12880 ppm) than the columnar
speleothem (1178-1352 ppm). This suggests that without (or with minor) occulation,
there is near-perfect alignment of the easy axis with the eld direction. Even with very
minor impurities, the alignment e ciency is still below 10%, consistent with the idea
that a secondary mechanism, such as syn-depositional rotation, is involved in lowering
the e ciency. Since more impurities were associated with lower alignment e ciencies,
the microcrystalline fabric likely had more occulation, leading to a lack of relationship
between remanence anisotropy and eld direction. These overall trends are consistent
with the trends found in this study.

As speleothems grow, they experience a range of growing conditions. Often such
changes in growth conditions are manifest as ne-scale laminations, observable through
the carbonate fabric, organic matter concentration, and/or trace elements/isotopes [27,
3]. Formation of these laminae can be triggered by uctuating drip rates, in Itration
rates, and soil erosion conditions [39, 12, 11]. These variable background conditions can
a ect the water column thickness and detrital input to a speleothem, changing the eld
intensity recording properties of the speleothem as it grows.

As of our current understanding, paleodirectional records in speleothems are far
more robust than their paleointensity records. One way to work toward a better un-
derstanding of speleothem paleointensity records would be to report proxies for the
amount of detrital material (e.g., high- eld susceptibility, 23°Th, Al concentration, etc.)
alongside paleointensity estimates. This approach would help build an empirical under-
standing of how occulation a ects remanence. Additional modeling could also be used
to expand on how surface textures a ect DRM processes for steeply dipping surfaces.

2.5 Methods

Arti cial speleothems of ammonium dihydrogen phosphate (ADP) were precipitated
from solution, forming the tetragonal mineral biphosphammite. Some carbonate min-
erals were considered for the matrix, but ultimately rejected. Calcite grows very slowly,
making it di cult to use. Attempts to use the carbonate mineral witherite ( BaCO3) re-
sulted in an extremely fragile and powdery matrix. The ADP matrix had a fast growth
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rate and resulted in a rough surface texture similar to that of stalagmites.

Alfa Aesar's commercial ammonium dihydrogen phosphate NH 4H 2P O4, A15283)
was dissolved in deionized (DI) water to create a supersaturated (0.5 g/mL) base so-
lution. Commercially available Wright magnetite powder (112978) was used for the
magnetic detrital component of the speleothem. It has a mean grain diameter of 0.44
m , a mean axial ratio of 1.33, and an average coercivity of 8-11 mT [51, 40], which
falls neatly within the coercivity range found for natural speleothems. Kaolinite powder
from Sigma Aldrich was used as the non-magentic detrital component of the arti cial
speleothems. Kaolinite is ubiquitous in sedimentary systems and occulates in low saline
environments without the addition of organic materials [1]. The mass and volumetric
ratios of magnetite and kaolinite in each growth type are listed in Table 2.1.

Each speleothem was precipitated in a sample box (18 mm x 18 mm x 15 mm)
over the course of three days. Crystals were grown within a set of Helmholtz coils to
enable particles to settle in controlled Earth-like magnetic elds (15, 30, 50, 70T ).
The applied eld for all samples had a declination of 0 and an inclination of 60 .
First, 1 mL of solution was pipetted into each sample box, forming a ne-grained crust
of biphosphammite along the bottom of the box. Then, the magnetite and kaolinite
were mixed into the bulk solution. Over the course of growing, the bulk solution was
ultrasonicated and % mL aliquots of the magnetite-kaolinite mixture were added 5
times with an interval of about 2 hours between each addition. An approximately 0.5
cm thick sample is precipitated over the course of a day. Finally, before the solution
completely evaporated, DI water was used to rinse out excess mixture and stop further
precipitation and the crystal was kept in the Helmholtz coils to dry completely, resulting
in the texture seen in Figure 2.2c.

Magnetic analysis of the specimens was done at the Institute for Rock Magnetism
(IRM) at the University of Minnesota. Full vector magnetization was measured on the
2G Enterprises SQUID U-channel (noise oor 1 10 Am?). Alternating eld (AF)
demagnetization between 0 and 150 mT was used to demagnetize the natural remanent
magnetization (NRM). An isothermal remanent magnetization (IRM) was applied using
the 2G Core Pulse Magnetizer. A 200 mT eld was applied at a declination of O and an
inclination of 0 , and the resulting magnetization was measured on the 2G Enterprises
SQUID U-channel. Data analysis was done using the PmagPy library [47].



26
Acknowledgments

This research was funded by the Ralph W. Stone Graduate Fellowship through the
National Speleological Society, the National Science Foundation (No. 2044535), and the
John W. Gruner Fellowship and Forrest Fellowship through the University of Minnesota
Department of Earth and Environmental Science.

This work was performed at the Institute for Rock Magnetism (IRM) at the Uni-
versity of Minnesota. The IRM is a US National Multi-user Facility supported through
the Instrumentation and Facilities program of the National Science Foundation, Earth
Sciences Division, and by funding from the University of Minnesota. We thank Peat
Solheid and Dario Bilardello for help planning and setting up the growth experiments.
Thanks to P.S., D.B., and Maxwell Brown for help with data acquisition, processing,
and troubleshooting in the lab. We also thank Milica Vasic, Toshi Yamazaki, and an
anonymous reviewer for the feedback and comments that improved the original versions
of this manuscript. This is IRM publication #2501.

The University of Minnesota is built on the ancestral lands of the Wahpekute band
that was ceded to the United States by the Treaty of Traverse des Sioux in July of 1851,
in an agreement that was not paid in full and whose underlying aim was the dissolution
of the Dakota culture. The University has also bene ted from Chippewa and Dakota
(Mede-wakanton, Wahpekuta, Wahpeton and Sisseton Bands) land ceded by treaty and
given to the University of Minnesota via the Morrill Act. State-sponsored geologic
research was used to identify pro table tracts of land to grant to the University. Due
to its land-grant status, the infrastructure, nancial foundations, and faculty, students,
and sta at the University of Minnesota all continue to bene t directly from these ceded
lands, and we wish to acknowledge this in our research.

Author contributions statement

R.D., J.M.F, and P.J. conceived the experiments. R.D. conducted the experiment(s).
R.D. and J.M.F analyzed the results and wrote the manuscript. All authors edited and
reviewed the manuscript.



27

Data availability statement

Data from this publication can be found in the Magic Information Consortium (MagIC)

under contribution #20258 or are available on request from the corresponding author.

2.6 References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

Ehsan Abolfazli and Kyle Strom. \Salinity impacts on oc size and growth rate
with and without natural organic matter". In: Journal of Geophysical Research:
Oceans 128.7 (2023), €2022JC019255.

Andy Baker and Peter L Smart. \Recent owstone growth rates: Field measure-
ments in comparison to theoretical predictions”. In: Chemical Geology 122.1-4
(1995), pp. 121{128.

Andy Baker et al. \The properties of annually laminated Stalagmites-A global
synthesis". In: Reviews of Geophysic$9.2 (2021), e2020RG000722.

Ronny Boch, Christoph Spoetl, and Silvia Frisia. \Origin and palaeoenvironmen-
tal signi cance of lamination in stalagmites from Katerloch Cave, Austria". In:
Sedimentology58.2 (2011), pp. 508{531.

George A Brook et al. \A high-resolution proxy record of rainfall and ENSO since
AD 1550 from layering in stalagmites from Anjohibe Cave, Madagascar". In:The
Holocene 9.6 (1999), pp. 695{705.

Peter A Bull. \Some ne-grained sedimentation phenomena in caves". In:Earth
Surface Processes and Landform$.1 (1979), pp. 11{22.

David J Dunlop. \On the use of Zijderveld vector diagrams in multicomponent
paleomagnetic studies”. In: Physics of the Earth and Planetary Interiors 20.1
(1979), pp. 12{24.

David J Dunlop and Ozden Ozdemir. Rock magnetism: fundamentals and fron-
tiers. 3. Cambridge university press, 1997.

Joshua M Feinberg et al. \Magnetic detection of paleo ood layers in stalagmites
and implications for historical land use changes"”. In:Earth and Planetary Science
Letters 530 (2020), p. 115946.



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

28
Bethany RS Fox et al. \Multi-domain magnetic particles in speleothems as a proxy
for past cave-stream ooding: A 33 kyr record from central North Island, Aotearoa
New Zealand". In: Quaternary Science Reviews356 (2025), p. 109289.

Silvia Frisia. \Microstratigraphic logging of calcite fabrics in speleothems as tool
for palaeoclimate studies". In: International Journal of Speleology (2015).

Silvia Frisia et al. \Calcite fabrics, growth mechanisms, and environments of for-
mation in speleothems from the Italian Alps and southwestern Ireland”. In: Jour-
nal of Sedimentary Research70.5 (2000), pp. 1183{1196.

Silvia Frisia et al. \Crystallization pathways, fabrics and the capture of climate
proxies in speleothems: Examples from the tropics". In:Quaternary Science Re-
views 297 (2022), p. 107833.

Ronald J Gibbs. \Estuarine ocs: their size, settling velocity and density". In:
Journal of Geophysical Research: Ocean80.C2 (1985), pp. 3249{3251.

Adam Hartland et al. \Size, speciation and lability of NOM{metal complexes in
hyperalkaline cave dripwater”. In: Geochimica et Cosmochimica Acta75.23 (2011),
pp. 7533{7551.

Kimberly Hess et al. \Investigating speleothem magnetism as a proxy for dust
mobilization and rainfall". In: Quaternary Science Reviews330 (2024), p. 108598.

Norman King Huber. \The environmental control of sedimentary iron minerals".
In: Economic Geology53.2 (1958), pp. 123{140.

Plinio Jaqueto et al. \Linking speleothem and soil magnetism in the Pau d'Alho
cave (central South America)". In: Journal of Geophysical Research: Solid Earth
121.10 (2016), pp. 7024{7039.

Plinio Jaqueto et al. \Magnetic mineralogy of speleothems from tropical-subtropical
sites of South America". In: Frontiers in Earth Science 9 (2021), p. 634482.

Plinio Jaqueto et al. \Stalagmite paleomagnetic record of a quiet mid-to-late
Holocene eld activity in central South America”. In: Nature communications
13.1 (2022), p. 1349.



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

29
Josef Jezek and Stuart A Gilder. \Competition of magnetic and hydrodynamic
forces on ellipsoidal particles under shear: In uence of the Earth's magnetic eld
on particle alignment in viscous media". In: Journal of Geophysical Research: Solid
Earth 111.B12 (2006).

Kaushik Katari and Jeremy Bloxham. \E ects of sediment aggregate size on DRM
intensity: a new theory". In: Earth and Planetary Science Letters186.1 (2001),
pp. 113{122.

RF King. \The remanent magnetism of arti cially deposited sediments". In: Geo-
physical Supplements to the Monthly Notices of the Royal Astronomical Society
7.3 (1955), pp. 115{134.

loan Lascu and Joshua M Feinberg. \Speleothem magnetism”. InQuaternary
Science Reviews30.23-24 (2011), pp. 3306{3320.

loan Lascu et al. \Age of the Laschamp excursion determined by U-Th dating of
a speleothem geomagnetic record from North America". In:Geology 44.2 (2016),
pp. 139{142.

Alf G Latham et al. \Palaeomagnetism of stalagmite deposits". In: Nature 280.5721
(1979), pp. 383{385.

Javier Mart n-Chivelet et al. \Speleothem Architectural Analysis: Integrated ap-
proach for stalagmite-based paleoclimate research”. InSedimentary Geology353
(2017), pp. 28{45.

Adrien Maufrangeas et al. \Stratigraphy of the Paleocene continental sedimentary
succession of the northern Pyrenean basin (Corberes, southern France) using
13Corg isotopes". In: Journal of the Geological Society177.4 (2020), pp. 752{

765.

Ritayan Mitra and Lisa Tauxe. \Full vector model for magnetization in sedi-
ments". In: Earth and Planetary Science Letters286.3-4 (2009), pp. 535{545.

Hayao Morinaga et al. \Remanent magnetization of synthetic stalagmites”. In:
Rock Magnetism and Paleogeophysic§4 (1987), pp. 13{17.

Takesi Nagata.Rock Magnetism Tokyo: Maruzen Company Ltd, 1961.



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

30
Mar a-Luisa Osete et al. \The Blake geomagnetic excursion recorded in a radio-
metrically dated speleothem”. In: Earth and Planetary Science Letters353 (2012),
pp. 173{181.

Muhammetmyrat Palvanov, Muhsin Eren, and Selahattin Kadir. \EPMA analy-
sis of a stalagmite from Kupeli Cave, southern Turkey: implications on detrital
sediments”. In: Carbonates and Evaporites39.1 (2024), p. 3.

Andrew M Perkins. \Magnetic studies of speleothems". PhD thesis. University of
East Anglia, 1993.

Andrew M Perkins. \Observations under electron microscopy of magnetic minerals
extracted from speleothems"”. In: Earth and Planetary Science Letters 139.1-2
(1996), pp. 281{289.

Andrew M Perkins and Barbara A Maher. \Rock magnetic and palaeomagnetic
studies of British speleothems"”. In: Journal of geomagnetism and geoelectricity
45.2 (1993), pp. 143{153.

JM Ponte et al. \Speleothems as magnetic archives: paleosecular variation and a
relative paleointensity record from a Portuguese speleothem”. In:Geochemistry,
Geophysics, Geosystem49.9 (2018), pp. 2962{2972.

Bruce L Railsback, George A Brook, and James W Webster. \Petrology and pale-
oenvironmental signi cance of detrital sand and silt in a stalagmite from Drotsky's
Cave, Botswana". In: Physical Geography20.4 (1999), pp. 331{347.

Eleonora Regattieri et al. \Holocene Critical Zone dynamics in an Alpine catch-
ment inferred from a speleothem multiproxy record: disentangling climate and
human in uences". In: Scienti ¢ Reports 9.1 (2019), p. 17829.

Inst. of Rock Mag. (IRM). Rock Magnetic Bestiary. https://cse.umn.edu/irm
accessed data for magnetite Wright 112978. 2001.

Pierrick Roperch et al. \Tectonic rotations and transcurrent deformation south of
the Abancay de ection in the Andes of southern Peru". In: Tectonics 30.2 (2011).

Valeriy Shcherbakov and Natalia Sycheva. \On the mechanism of formation of
depositional remanent magnetization". In: Geochemistry, Geophysics, Geosystems
11.2 (2010).



[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

31
VP Shcherbakov and NK Sycheva. \Flocculation mechanism of the acquisition of
remanent magnetization by sedimentary rocks". In:lzvestiya, Physics of the Solid
Earth 44 (2008), pp. 804{815.

FD Stacy. \On the role of Brownian motion in the control of detrital remanent
magnetization in sediments: Pure Applied Geophysics, v. 98". In: (1972).

BE Strauss et al. \The origin of magnetic remanence in stalagmites: Observations
from electron microscopy and rock magnetism". In: Geochemistry, Geophysics,
Geosystems14.12 (2013), pp. 5006{5025.

Jennifer H Strehlau et al. \Simple and e cient separation of magnetic minerals
from speleothems and other carbonates”. In:Journal of Sedimentary Research
84.11 (2014), pp. 1096{1106.

L Tauxe et al. \PmagPy: Software package for paleomagnetic data analysis and
a bridge to the Magnetics Information Consortium (MagIC) Database". In: Geo-
chemistry, Geophysics, Geosystem47.6 (2016), pp. 2450{2463.

Lisa Tauxe, T Pick, and YS Kok. \Relative paleointensity in sediments: A pseudo-
Thellier approach”. In: Geophysical Research Letter222.21 (1995), pp. 2885{2888.

Lisa Tauxe, Jason L Steindorf, and Andrew Harris. \Depositional remanent mag-
netization: Toward an improved theoretical and experimental foundation”. In:
Earth and Planetary Science Letters244.3-4 (2006), pp. 515{529.

Ricardo IF Trindade et al. \Speleothem record of geomagnetic South Atlantic
Anomaly recurrence”. In: Proceedings of the National Academy of Science$15.52
(2018), pp. 13198{13203.

Yongjae Yu, David J Dunlop, and OzdenOzdemir. \Partial anhysteretic remanent
magnetization in magnetite 1. Additivity". In: Journal of Geophysical Research:
Solid Earth 107.B10 (2002), EPM{7. doi : 10.1029/2001JB001249.

Elena Zanella et al. \A 10,000 yr record of high-resolution Paleosecular Variation
from a owstone of Rio Martino Cave, Northwestern Alps, Italy". In: Earth and
Planetary Science Letters485 (2018), pp. 32{42.



32
[53] Zongmin Zhu et al. \Holocene ENSO-related cyclic storms recorded by mag-
netic minerals in speleothems of central China". In: Proceedings of the National
Academy of Sciencesl14.5 (2017), pp. 852{857.

[54] Zongmin Zhu et al. \Magnetic fabric of stalagmites and its formation mechanism®.
In: Geochemistry, Geophysics, Geosystem$3.6 (2012).

Tables & Figures

Table 2.1: Composition of each set of samples
Growth Type No. Specimen* Magnetite (g) Kaolinite (g) Mass Ratio (M

sub 14 0.004 | 1:0 00 06
clay 6 0.004 0.012 1:3 08 04
MC 12 0.02 0.04 1:2 0.19 0.06
MC8 8 0.02 0.08 1:4 NA NA

*number of specimen that passed selection criteria for intensity analysis
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Figure 2.1: Comparison of NRM versus IRM for di erent paleomagnetic samples [25,
37, 28, 41, 18, 19]. The grey lines mark orders of magnitude of alignment e ciencies.
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