SOLAR-DRIVEN GEOMAGNETIC ENERGY:
MODELING DEEP GEOMAGNETICALLY INDUCED CURRENTS AND
GEOTHERMAL DYNAMICS IN YELLOWSTONE NATIONAL PARK
by

Heather Marie Tudon-Arcediano

A professional paper submitted in partial fulfillment
of the requirements for the degree

of
Master of Science
in

Land Resources and Environmental Sciences

MONTANA STATE UNIVERSITY
Bozeman, Montana

December 2024



©COPYRIGHT
by

Heather Marie Tudon-Arcediano
2024

All Rights Reserved



1
DEDICATION

Thank you to my three daughters and husband, who have supported my goals throughout

the years.



il
ACKNOWLEDGEMENTS
I want to acknowledge Professor John Townsend-Mehler for his continuing advice on this

paper. His guidance has been immensely helpful to me throughout this research and writing

process.



v

TABLE OF CONTENTS

SOLAR EVENT FLOW OF GEOLOGICAL THERMODYNAMICS ........cccceeevieiene 1
INELOAUCTION ...ttt ettt ettt e st e b et e eneeas 1

. CONCEPT FRAMING ... .coittiitiiteiteeeit ettt sttt sttt st st sae sttt see e 6
ThermMOdYNAMICS. .....cccviiiiiieeiie et e e e e eae e et e e enseeessseeenens 6

The Geomagnetic Field..........coooiiiiiiiiiiiiiiiece e 7
Geomagnetic Storms and Natural Phenomena ...........ccccccvveiiiieiiieiniieecieeeeee e 9
Hurricane Cycle and Solar CycCle..........cooiviiiiiiiiiiiiiieiiceceeeee e 11
Geomagnetic Storms and SeISMIC ACHVILY....cueeeriiieriieerireerieeeveeereeeveeeeneeees 12
Geothermal Heat in Yellowstone National Park ............ccccooviiiiiiiiiniiininnen. 15

SOLAR EVENTS AS A DRIVER OF GEOTHERMAL VARIABILITY ......cccccecvennnee. 20
Yellowstone’s Geothermal Features..........coovieriiiiiiiiiieniiiiieciecteee et 20
Mechanism of CausSality ........ccccvieeciiiieiiiieiiie et 20
Proposed STUAY ....eooviieiieiieeiiee e s e 21
THEORETICAL FRAMEWORK ......oooiiiiiiiiieiee et 21

o LIMITATIONS ...ttt ettt et ettt st sb ettt e b enaesanens 26

. CONCLUSION ...ttt sttt e e s enees 29



v

LIST OF TABLES
Table Page
1. Table I Arrhenius Equation for Disollution Rate ..........cccoceeviiiiiniininiiniiiicieneeiee 23
2. Table 2 Silica Concentration with Temperature Variations............ccceeeveeeeveercieencreeennnenn. 24



Figure

10.

vi

LIST OF FIGURES

. Figure 1 Earth’s Magnetic Field Model illustrating Complexity and Tangled
Vortex Lines (Barenghi, 2024).........cccooiiiiiiiiiiieeieie ettt

Figure 2 Electrical conductivity and depth of possible GIC locations

inducing geothermal features (Zhdanov et al., 2011). .....cocoeviriiniininiinicicnee

. Figure 4 The Earth's highly conductive fractured surface and fault lines
(Ouzounov & Khachikyan, 2021).......cccceeiiiiiieniieiieiieeie e

Figure 5 Dst Index correlated with seismic activity events (Chen et al.,

D020D) rvveeo e eeeeeeeeeeee e eee e e e e s e e s ee e

Figure 7 Yellowstone's geological map representing the rhyolite overlay that

forms the geothermal pockets in Yellowstone (Finn et al., 2022)..........cccoccueneee.

. Figure 8 Boulder, Colorado Field Variations at Observatory BOU on
03/23/2023 (INTERMAGNET Data Viewer, 2023) .......ccoceverveneenenienieniennne

Figure 9 San Juan, California Field Variations at Observatory SJG on

03/23/2023 (INTERMAGNET Data Viewer, 2023) .......ccccceevvevuenienenenenenenene

Figure 10 Kanoya, Japan Field Variations at Observatory (KNY) on

03/23/2023 (INTERMAGNET Data Viewer, 2023) ........cccccevveveienenenenenenenn

............. 9



vil

ABSTRACT

Solar events impact Earth's magnetosphere, generating magnetic variations that drive energy
transfer into Earth's conductive materials. This process induces geomagnetically induced currents
(GICs), which, through thermodynamic principles, facilitate Joule heating through thermal
convection. These energy transfers are proposed to correlate with changes in their surrounding
ecosystems. Previous studies have linked geomagnetic storms to seismic activity, hurricane cycles,
geothermal fluctuations, and deep interior thermal dynamics, suggesting that these energy shifts
drive ecosystem variations. Tracking the flow of magnetic thermodynamics provides an
understanding of interior energy drivers in surface temperature changes, soil composition, and
species-specific resilience.

Yellowstone National Park is proposed for modeling geological thermodynamics due to its highly
conductive underground plume of partly molten rock feeding into the caldera. Known rhyolite area
deposits with high electrical conductivity create a natural conduit for GIC-driven Joule heating
under geothermal features. Tracking variations in the geochemistry of rhyolite mineral dissolution
in geothermal waters, deep thermal dynamics linked to magnetic activity can be traced. This
proposed study connects solar-induced geomagnetic variations and internal geological processes,
providing a potential mechanism for understanding the causality behind their ecosystem changes.



1

CHAPTER ONE

SOLAR EVENT FLOW OF GEOLOGICAL THERMODYNAMICS

Introduction

The Sun is our primary energy source, providing electromagnetic radiation (EMR) that
drives atmospheric, oceanic, and biological activity. Although our current understanding suggests
that solar events (Solar Flares, Coronal Mass Ejections (CME), and continuous solar wind)
interacting with the magnetosphere dissipate in isolation, the principles of thermodynamics
dictate that energy can transfer or transform, transferring into geomagnetic storms.
Electromagnetic radiation (EMR), ejected by solar events, interacts with the magnetosphere
(Kono & Roberts, 2002)generating geomagnetic storms (Gvishiani & Soloviev, 2020a) that can
cycle up to several days. These geomagnetic storms can possibly induce even slight seismic
activity (Chen et al., 2020a), creating shifts in soil composition, increasing species-specific forest
resilience (Gao, 2024), and contributing to large-scale ecosystem shifts to the minor internal
mechanosensitive channels in plant root biological responses (Tyagi et al., 2023). The
significance is seen in subtle small shifts creating significant adaptation responses. There is also
a correlation between significant years of seismic activity and significant geothermal
activity(Ball et al., 2002) , further presenting a more substantial case of causality, traceable
through various ecological systems, specifically geothermal features, which will be discussed in
later sections.

To reiterate, solar events eject electromagnetic radiation toward our atmosphere,

connecting with our magnetosphere and creating geomagnetic storms. Geomagnetic storms are
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variations in the magnetic field taken from ground electrical fields, creating geomagnetically
induced currents (GICs) (Juusola et al., 2020). lonosphere joule heating created by GICs when
interacting with the high-altitude magnetosphere (Robinson & Zanetti, 2021) is the same concept
presented in my proposed study, but to use this mechanism for interior induced electrical currents
creating thermal energy driving internal processes. Current ground magnetometers capture
surface GICs but are limited at any significant depth (Grayver, 2024). Our understanding of the
geomagnetic field is created by the outer core's “geodynamo” process, with the force line leaving
the magnetic north pole and reentering near the south pole (Lowes, 2007). Capturing surface
variations is only allowing us to observe a portion of our magnetic field variations that influence
the surface. However, using an observable natural feature that carries thermal energy from
internal field variations into trackable ecological shifts, we can create a more comprehensive
view of our internal magnetic field.

I propose in this review that GICs are also produced within deep magma chambers
creating thermal energy, giving a mechanism of positive correlation with magnetic shifts driving
seismic and geothermal activity. My study framework to track this particular thermodynamic
flow of magnetic energy is through thermal energy from induced electrical currents driving
geothermal activity observable from surrounding rock dissolution rates.

In this paper, I explore a study framework to bring awareness to implications of magnetic
energy throughout interior Earth. Rock dissolution rates in geothermal activity, I propose to use
as a conservative application to identify magnetic energy path inducing thermal energy that
facilitate natural phenomena. Geothermal activity and influences on their surrounding

ecosystems are the main focus for proposing causality of interior magnetic energy. The presence



of deep induced magnetic energy facilitating geothermal activity creates a link for causality in
seismic activity and surface temperature variations. Tracking a path of magnetic energy gives
researchers another causality in significant ecosystem shifts. For instance, looking at the
causality of mountain pine beetle (Dentroctonus ponderosea) infestation in Yellowstone National
Park (YNP) would benefit from a resource of magnetic energy precursors that include all
magnitudes of seismic shifts, surface temperatures, and geomagnetic storms increasing during
specific years and geographical locations. Low-magnitude seismic frequency is continuously
occurring, specifically noticeable in YNP’s magmatic and geothermal systems (U.S. National
Park Service, 2023), and has been significantly correlated as a global temperature predictor
(Chen et al., 2020a; Viterito, 2016). Mountain pine beetle infestation increased significantly in
the mid-1980s through the 1990s. While it is impossible to quantify a beetle outbreak with
seismic activity mathematically, the infestation causality is justified in higher winter minimum
temperatures (Buotte et al., 2016); it can also be correlated with surface temperature variations
and earthquake swarms seen explicitly in Yellowstone in 1985 (USGS, 2004). In summary, low
and high magnitudes of seismic activity release heat that would give causality to rising average
winter temperatures, creating conditions favorable for mountain pine beetle infestations. Linking
this causality to deep GIC variations influenced by geomagnetic storms give cause to look at
Earths magnetic field as a driver in natural phenomenon.

Now, even positively correlating each of these phenomena, there are anomalies that
suggest a possibility of energy build-up (Gao, 2024). These anomalies could indicate Joule
heating through thermal convection in deeper currents, presenting another avenue for where

these GICs are located. Relying on seismic activity to trace Joule heating presents limitations
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because it is more spread out in the sense of heat shifting large tectonic plates. Proposing to use
geothermal activity, precisely the deposition and dissolution rate of mineral-rich rock in
Yellowstone geothermal features, as a more accessible and localized indicator of deep GICs. This
approach concentrates on Joule heating effects in deeper magma currents, as these geothermal
features directly interact with this heat source. My research proposal would bridge the gap in our
understanding of geomagnetic storms influencing deeper GICs-induced Joule heating in Earth’s
interior, providing a precise way to track this process while bypassing technological limitations.

In the following sections, I review thermodynamic principles and their relationship to
Joule heating during atmospheric solar event interactions, establishing an understanding of the
possible function of deeper Earth processes beyond current technological reach. I also review the
geodynamo process to view the geomagnetic field and identify potential markers of deeper
electrical currents. Markers provide a valuable path in geomagnetic storms as they correlate with
natural phenomena such as hurricanes, oceanic temperature variations, seismic events,
geothermal activity, and volcanic eruptions, presenting this flow of causality seen in patterns and
recurring data anomalies, suggesting the possibility of deeper geomagnetically induced currents
(GICs). Focusing on geothermal activity in my proposed study introduces the possibility of
tracking magnetic energy flows, emphasizing the suitability of geothermal features for this
purpose. YNP is an accessible site for geothermal activity that provides insight into interior
currents and their broader implications. Following how the flow of magmatic energy continues
into surrounding ecosystems and utilizing the flow on a planetary-scale process influenced by

deep interior GICs illustrates the importance of tracking these interactions. Finally, my paper



proposes a theoretical framework to predict variations associated with these phenomena and

surrounding ecosystem showing implementations of my framework
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CHAPTER TWO

CONCEPT FRAMING

Thermodynamics

The first law of thermodynamics follows energy conservation laws and states that energy
is transferred and/or transformed from one form to another. Significant solar events, such as solar
flares and coronal mass ejections (CMEs), release vast amounts of electromagnetic energy into
the solar system, with the majority of that energy transformed into a geomagnetic storm with a
portion of heat released from Joule heating through geomagnetic-induced currents (GICs). In the
case of significant solar events, the energy from these events is extensive enough to penetrate
through the magnetosphere and induce changes in the Earth's lithosphere and biosphere (Milan et
al., 2017; Sadhukhan et al., 2021).

The laws of thermodynamics provide a structure for understanding magnetic energy as it
follows the transfer and transformation of these principles as energy moves across Earth's
systems. The second law of thermodynamics states that entropy will always increase in an
isolated system, quantifying the randomness and disorder. When energy is transferred or
transformed, a portion is lost to heat, increasing the system's entropy. So, when a solar event
interacts with our planet's magnetosphere, geomagnetic storms induce Joule heating in the
ionosphere, particularly at high latitudes, significantly altering atmospheric temperatures and
density (Qian et al., 2019). This Joule heating directly results from geomagnetic induced
currents, establishing a precise thermodynamic flow during geomagnetic storms and using these

fundamentals for interior thermal variations created by interior GICs.



The Geomagnetic Field

Solar events release vast amounts of energy that interact with Earth's magnetosphere,
generating geomagnetic storms. These storms propagate within the dynamic system of the
Earth's geomagnetic field, generated by the convective motion of the molten iron fluid outer
core, a process known as the geodynamo. The motion induces electric currents and magnetic
fields through electromagnetic induction, forming a complex system that extends from the outer
core into the atmosphere(Glatzmaier & Robertst, 1995). Barenghi (2024) illustrates how
complex this system is with the blue field lines pointing inwards and gold field lines pointing

outwards (Figure 1). The field lines are tangled within the Earth's core in a turbulent convention

that generates a self-sustaining magnetic field.
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Figure 1 Earth’s Magnetic Field Model illustrating Complexity and Tangled Vortex Lines
(Barenghi, 2024)

Geomagnetic storms persist for several days, with an extended recovery phase lasting up
to a week (Haines et al., 2019). During this phase, energy is redistributed between the
magnetosphere, ionosphere, and potentially deeper layers of the Earth. Magnetic reconnection
events in the magnetotail release energy into field-aligned currents, which interact with the
ionosphere, generating geomagnetic-induced currents (GICs) in the crust and mantle. The GICs
concentrate along conductive pathways such as fault zones, producing localized Joule heating
(Nakamura et al., 2018).

Auroras, ionospheric heating, and disruptions to surface electrical systems confirm
energy redistribution during geomagnetic storms (Qian et al., 2019). The prolonged cycling of
geomagnetic energy suggests that, similar to surface processes, it may also influence deeper
GICs, observable in regions of high conductivity. For instance, Yellowstone has a high electrical
conductivity of an underground plume of partly molten rock feeding into the caldera.
Represented in this conductivity map created by the Department of Geology and Geophysics at
University of Utah (Figure 2) with high conductivity shown in yellow and red and the significant
depths that it reaches on a scale of Yellowstone’s size labeled as YNP (Zhdanov et al., 2011).
Given its unique geological characteristics, this emphasizes the significance of choosing YNP as

the study site for understanding deep geomagnetically induced currents (GICs).



Depth (miles)

Figure 2 Electrical conductivity and depth of possible GIC locations inducing geothermal
features (Zhdanov et al., 2011).

Geomagnetic Storms and Natural Phenomena

In this section, I describe the impact of geomagnetic storms on natural processes;
showing reoccurring anomalies in data that can be explained through causality in deeper GICs.
In 2020, The National Defense Authorization Act (NDAA) implemented provisions to enhance
our understanding of our geomagnetic field and its effect. Research presented the following year
on the interactions between geospace and lithospheric processes further supports the notion that
geomagnetic activity can influence deep tectonic systems. Ouzounov and Khachikyan (2021)
propose that geomagnetic field lines, under certain conditions, may penetrate Earth’s surface

along fractures and fault lines, potentially impacting lithospheric activity in tectonically active
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regions (Ouzounov & Khachikyan, 2022). When geomagnetically induced currents are drawn
into Earth’s crust along conductive pathways, such as fault lines they present as sporadic,
indicating a potential for deeper pathways that present variations further along that path that
create GICs within the Earth instead of solely on the surface. Observing illustrations of
geomagnetic field lines intersecting (Gvishiani & Soloviev, 2020b) with tectonic fractures, we
can hypothesize that areas of heightened crustal conductivity may facilitate the downward flow
of geomagnetic energy (Figure 3&4. Ouzounov & Khachikyan, 2021). This study found that
geomagnetic storms influence geothermal systems by modulating heat flow and amplifying
thermal gradients near geothermal reservoirs (Ouzounov & Khachikyan, 2021, 2022). These
surface GICs indicate that geomagnetic influences may shape geothermal dynamics indirectly,
especially in regions where geological structures are highly conductive, which again is

demonstrated in Yellowstone.
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Figure 3 The Earth's highly conductive fractured surface and fault lines (Ouzounov &
Khachikyan, 2021)
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Figure 3 The Earth's highly conductive fractured surface and fault lines (Ouzounov &
Khachikyan, 2021)

Hurricane Cycle and Solar Cycle

Observing Ouzounov & Khachikyan (2021) model (Figure 3&4) of the Earth’s magnetic
field lines, ocean field lines are reviewed briefly here. Mendoza and Pazos (2009), applied
spectral analysis to a 22-year hurricane cycle with the sun’s solar cycles and used the variation to
study how it interacts with the geomagnetic field. The analysis used Dst index variations of the
geomagnetic field to track solar cycles and found correlations with the highest hurricanes during
the ascending part of odd solar cycles and the descending phase of even solar cycles (Mendoza &

Pazos, 2009). The study shows a 22-year cycle of hurricanes with slight variations, with the
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Atlantic behaving differently than Pacific hurricanes concerning solar activity, further illustrating

how solar activity carries into geomagnetic activity that alters natural processes.

Geomagnetic Storms and Seismic Activity

The U.S. Geological Survey recognizes the connection between geomagnetically induced
currents (GICs) and significant impacts on Earth’s anthropogenic electrical systems, indicating
further investigation into why these exact mechanisms of GICs are also linked to seismic events.
A statistical study correlating geomagnetic storms and global earthquakes during 1957-2020
concluded with statistically correlated evidence that more geomagnetic storms occur before
global M>7.0 earthquakes (Chen et al., 2020b). The study shows a time series of geomagnetic
storms 20 days leading up to significant earthquakes and 20 days after the earthquake (Figure 5),
with the middle vertical dotted lines representing M>7.0 or greater earthquakes and horizontal

lines representing Dst index with red showing geomagnetic storms.
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Figure 4 Dst Index correlated with seismic activity events (Chen et al., 2020b)

There are slight variations in the number of geomagnetic storms with seismic activity
summarized as potential buildup of tectonic stress until it reaches a critical level to move the
tectonic plates (Chen et al., 2020b; Sadhukhan et al., 2021). The study shows correlations
through unknown mechanisms, indicating that further research is needed to explore this
observation. Looking back at the model of the Earth’s magnetic field (Figure 1), we remember
the complexity and irregular path of the magnetic field. Studies previously make no mention of

tilt or geographical location of field line impact during solar events, giving such a large area for
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geomagnetic flow. For this proposal, the model explores possible build-up and specific
geographical locations of deeper GICs that create these anomalies in correlation data.

Now, to review this correlation, the geomagnetic storms create geomagnetic-induced
currents within the mantle and core; with the transfer of energy according to thermodynamics, an
increase of entropy is released in the form of Joule heating. Storm variations create electrical
currents, which are drawn to highly conductive sites. Once this energy transfer occurs, entropy
increases as heat converts into thermal energy that causes rock expansion and compression. This
compressing of rock and tectonic plates can be from Joule heat produced by GICs in deeper
magma chambers, ultimately triggering seismic activity. This mechanism makes it possible for
geomagnetic storms to facilitate interior geological processes that carry to observable ecosystem
adaptations. Proposing to calculate this flow of geomagnetic energy into Joule heating through
natural processes like geothermal features that would indicate heating instantaneously based on
the chemical deposition rate of surrounding mineral rock without advanced technology.

Several studies investigating geothermal and tectonically active regions, such as Iceland
and Japan, found correlations between geomagnetic storms and increased geothermal activity
(Nakamura et al., 2018) providing preliminary evidence of these interactions. For example, in
high geothermal output areas in Iceland, geothermal system pressures and heat flow increased
following geomagnetic storm events, suggesting that GICs influence subsurface geothermal
conditions (Garrott et al., 2002; Hounslow et al., 2018). Supporting the need for further research
into the effects of geomagnetic energy on geothermal reservoirs in tectonically active

environments.
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Geomagnetic storms, driven by solar events, interact with Earth's magnetosphere,
producing geomagnetically induced currents (GICs) within the crust and mantle (Grayver, 2024).
These currents create localized heating effects, known as Joule heating, which may influence
geothermal systems by increasing crustal temperatures and potentially affecting geothermal
reservoirs. Although direct links between geomagnetic activity and geothermal processes are still
under investigation, research suggests that GICs in tectonically active areas may affect
subsurface thermal environments, contributing to geothermal dynamics in specific regions (Love
& Swidinsky, 2014).

I hypothesize that Yellowstone's geomagnetic activity has a pronounced effect on
geothermal systems due to the region's high geothermal gradient and active fault structures. Heat
and mineral flux from Yellowstone's geothermal features may be modulated by geomagnetically
induced currents (GICs) in magma chambers and fault lines, which act as pathways for magnetic

energy transfer into thermal energy.

Geothermal Heat in Yellowstone National Park

Yellowstone National Park (YNP) is the oldest and one of the largest national parks in
northwestern Wyoming, part of southern Montana and eastern Idaho. YNP is known for its
highly active and diverse geothermal and hydrologic features (Vaughan et al., 2020), including
geysers, hot springs, fumaroles, and mud pots. The importance of this location lies in the various
natural ecological processes within the park that are less subjected to human alterations, focusing
on understanding natural flows of ecosystem adaptations. The purpose of this system is to
provide another possible avenue of causality of ecosystem adaptations and the ability to refer to

the flow of geological thermodynamics.



16

The geothermal features are fueled by subsurface heat from the magma chamber under
Yellowstone Caldera. It is sustained by the underlying volcanic system with shallow magma
chambers beneath the Caldera consisting of primarily molten and semi-molten rock, generating
substantial geothermal energy (Hurwitz & Lowenstern, 2014). Given its high conductivity,
geothermal energy rises to the surface through fractures and fault lines. Geysers, hot springs,
fumaroles, and mud pots are heated through Joule heating from deep magma chambers below.
Rhyolitic rock that overlays within the system influences geothermal dynamics and has a high
silica content, making it a poor conductor of heat (Finn et al., 2022). Instead, it traps geothermal
energy within the crust until localized intense heat buildup, contributing to heat accumulations
and escaping through these known geothermal features. Finn (2022) illustrates this in a
geological map (Figure 7), representing the rhyolite in pink that overlays the YNP caldera in grey

boundary line.
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Figure 5 Yellowstone's geological map representing the rhyolite overlay that forms the
geothermal pockets in Yellowstone (Finn et al., 2022)

Rhyolite creates high silica content in hot springs; as the water circulates through
rhyolite, it dissolves silica, sulfur, and calcium with various trace elements that create
Yellowstone’s thermal waters. This rock dissolution slows upward heat flow to influence mineral
composition and thermal distribution between subsurface geology and surface ecosystems
(Hurwitz & Lowenstern, 2014). Rhyolite aids in data collection to correlate mineral composition

rate with thermal build-up with geomagnetic storms to verify causality in geothermal variations.
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Geothermal heat from magma chambers has numerous influences on Yellowstone’s ecosystem,
altering soil composition, water availability, and vegetation patterns (Fournier, 1989).

Geothermal features influence surrounding environments by shaping vegetation patterns,
soil composition, and water chemistry, creating microhabitats (Gao, 2024; Zuo et al., 2023).
Microhabitats will utilize heat-tolerant plant species and thriving microbial communities (Stout
& Al-Niemi, 2002). Geothermal heat from hot springs and fumaroles creates greater soil
temperatures in localized areas that alter soil composition and nutrient cycling. Requiring heat-
tolerant plant species like Yellowstone sand verbena (4bronia ammonphila), hot spring phlox
(Phlox kelseyi), douglas sedge (Carex douglasii) and tufted hairgrass (Deschampsia cespitosa)
are typical near geothermal areas that have adapted to warmer soil temperatures with specific
roots that absorb mineral-rich waters found having increased biomass penetrating deeper soil
layers. This is also true with lodgepole pine (Pinus contorta) resilience to increased soil
temperatures (Clark et al., 2017) and fire regimes across Yellowstone. Lodgepole pine resilience
can also be explained by constant seismic shifts from thermal build-up that create tiny fissures in
dry climates, increasing water availability (Fournier, 1989; Gao, 2024). Vegetation penetrating
deeper soil layers access high sulfur and mineral content, influencing sulfur and nitrogen nutrient
cycling within the ecosystem (Fournier, 1989; Parmenter et al., 2003). Along with soil
composition shifts, mineral deposition from rhyolitic rock dissolving silica, sulfur, calcium, and
trace elements creates mineral-rich soils (Hurwitz & Lowenstern, 2014). This geothermal
activity creates sulfur deposits near fumaroles and silica precipitation near hot springs that
provide nutrients for thermophilic bacteria and vegetation, tolerating high levels of dissolved

minerals (Stout & Al-Niemi, 2002).
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The chemical composition of geothermal waters also affects aquatic ecosystems. These
geothermal waters create variations in water temperature, pH, and mineral content, creating
habitats for thermophilic microorganisms and influencing the distribution of aquatic species
(Gonzalez et al., 2018). The high silica content found in hot springs supports the growth of
specific microbial mats, contributing further to geological thermodynamic flow within the
ecosystem through nutrient cycling.

The geothermal features in Yellowstone contribute to a more extensive, diverse
ecological system between soil chemistry, plant adaptation, and microbial diversity. These
features create microhabitats with high soil temperatures and mineral content, generating
specialized plant species and microbial communities that only thrive in these challenging
conditions. Deposing dissolved rhyolitic rock minerals facilitates thermophilic organisms that are
also significant in this ecosystem’s reliance and nutrient flow (Hurwitz & Lowenstern, 2014;
Stout, & AL-Niemi, 2002). Consequently, Yellowstone’s geothermal processes contribute to
natural energy flows, facilitating localized ecological changes that contribute to the park’s
environmental patterns. These geothermal and plant adaptations and microbial activity processes
highlight the significance of understanding the flow of geological thermodynamics as it shapes
ecological adaptations. Confirming this concentrated area of geological thermodynamics
impacting microhabitat adaptations further reiterates the importance of deep GICs throughout, on
a planetarium scale, from a single geothermal feature, how vast these solar events are impacting

our Earth.
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CHAPTER THREE

SOLAR EVENTS AS A DRIVER OF GEOTHERMAL VARIABILITY

Yellowstone’s Geothermal Features

Yellowstone’s geothermal features are shaped by deep subsurface processes and
influenced by multiple natural energy flows. I present in this section presents a conceptual model
hypothesizing causality through deep geomagnetically induced currents (GICs) indirectly
influencing Yellowstone’s geothermal systems by altering heat distribution within the mantle and
crust. Although direct testing of deep GICs is unavailable due to the lack of technology at this
depth, the model provides a framework to introduce a natural driver of ecological adaptations,

giving another avenue of causality.

Mechanism of Causality

Solar events, such as solar flares and coronal mass ejections (CMEs), send bursts of
electromagnetic energy into Earth’s magnetosphere, creating geomagnetic storms that propagate
through the geomagnetic field (Syed Zafar et al., 2021). Geomagnetic storms potentially induce
electric currents within the Earth’s crust and mantle, particularly along conductive pathways like
fault lines. Geomagnetically induced currents (GICs) generate heat through Joule heating as
electrical resistance converts electric energy into thermal energy(Fujiwara et al., 2023).
Yellowstone is a tectonically active area; induced heating can lead to localized changes in

geothermal reservoirs, affecting features like geysers, hot springs, and fumaroles.
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Proposed Study

My study proposes that solar events induce deep GICs throughout the intrinsic
geomagnetic field path, contributing to geological adaptations and natural phenomena. Through
geothermal activity, [ want to confirm these deep currents by rock dissolution rates in geothermal
waters, bypassing advanced technology. Peaks in solar cycles with increased solar events
coincide with heightened geomagnetic disturbance (Syed Zafar et al., 2021), leading to stronger
GICs transferred in Earth’s interior crust and mantle. Following this system, as it moves into
ecological processes from joule, heating creates significant disorder at this stage. As the currents
cycle within Yellowstone’s tectonic structures, we can utilize the influence of thermal gradients,
increase subsurface pressures, and alter the behavior of geothermal features as a potential step in
energy transfer to follow the disorder. My study provides a plausible explanation for some of the

geothermal variability observed in YNP, laying the groundwork for future empirical testing.

THEORETICAL FRAMEWORK

My theoretical framework aims to visualize and quantify the flow of geomagnetic energy from
solar-driven geomagnetic storms to deep GICs and their subsequent influence on Yellowstone's

geothermal features.

The model will incorporate the following components:

Data Integration: Collecting high-resolution magnetotelluric (MT) data and

comprehensive geomagnetic indices such as the Dst index and field variation

measurements at to establish baseline energy flow patterns in Yellowstone. Exact ground
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field variations are collected as well with the closest site to YNP being (BOU) Boulder,
Colorado observatory site. This will include integrating data on orientation of the Earth
during solar event impact, the duration of geomagnetic storm cycles, and variations in the
geomagnetic field. The data will provide a multidimensional context for understanding
how surface-level energy changes connect to deeper GIC processes and how these
geomagnetic disturbances potentially induce deep currents propagating through the crust
and mantle.

Geothermal Deposition Analysis: Correlate the continuous monitoring of both
deposition and dissolution rates of silica, calcium carbonate, and other specific minerals
in geothermal waters, which vary with different heat rates, along with the intensity and
timing of geomagnetic storms. The dissolution rate of chemicals within the water can be
estimated using the Arrhenius equation for dissolution. This approach provides a version
of how dissolution rates might work, considering the variations in types of rhyolite and

heat gradients present in Yellowstone:
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Table 1 Arrhenius Equation for Dissolution Rate

Arrhenius Equation for dissolution

Eq

D=ke=—-2
© = TRT

D Dissolution rate (mol/m?/s)

Pre-exponential factor (characteristics of

k
rock)
18, Activation energy (J/mol)
R Universal gas constant (8.314 J/ mol-K)
T Temperature in Kelvin (K)

(6.2.3.1,2013)

The dissolution rate of chemicals within the water indicates specific heat levels
generated, including those influenced by Joule heating from deep GICs. Table. 2 illustrates an
estimated relationship between temperature and the dissolution rate of rhyolite rock, alongside
the corresponding increase in silica concentration in geothermal waters. These estimates reflect
general trends, acknowledging that different types of rhyolite and temperature variations within

the geothermal gradient may affect the specific dissolution rates.
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Table 2 Silica Concentration with Temperature Variations

Silica Concentration
Dissolution Rate

Temperature (K) Increase in Water
(mol/m—</s)
(mg/L)
423.15 3.92E-14 3.92E-15
473.15 2.38E-13 2.38E-14
523.15 1.02E-12 1.02E-13
573.15 3.40E-12 3.40E-13

Dissolution characteristics are collected with In Situ Ultraviolet Spectrophotometer
(ISUS)(UCSD,2023) . Data collected will also be correlated with solar events' tilt and impact
angle, as the resulting geomagnetic field lines may cycle and concentrate energy in specific
areas. This would act as a proxy for confirming deep GIC activity and understanding their effects
on geothermal variability.

Thermal Gradient and Pressure Influence: Model the effects of GIC-induced Joule
heating as it interacts with thermal gradients with resistance temperature detector (RTD) (Dames,
2008) and subsurface pressures within tectonic structures. This interaction leads to observable
changes in geothermal features, seen in variations of geyser activity and hot spring temperatures,
providing a clear correlation between geomagnetic activity and geothermal dynamics.

Implementation of Theoretical Framework: Extend the model to explore how changes in
geothermal activity, driven by deep GICs, impact their surrounding ecosystem. Based on current

research on geothermal ecosystems, my framework aims to predict occurrences of magnetic
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energy shifts to resource in species resilience, vegetation patterns, microbial community
variations and any ecosystem change driven by soil and precipitation chemistry compositions.
This will help identify potential correlations between magnetic energy cycling and ecosystem
changes in Yellowstone, providing causality into the mechanisms possibly driving their
ecosystem dynamics. The potential of predicting magnetic energy shifts facilitating geothermal
activity allows researchers the ability for control and experimental groups in the field.

By using Yellowstone to link the magnetosphere, mantle, and surface, this region can be
a conservative natural site for determining the connections between solar-driven geomagnetic
energy and Earth’s interior processes. The potential of this study can also contribute to
understanding the planetary scale of the geomagnetic field and the role of deep GICs in bridging
gaps in our current knowledge of natural phenomena. These deep GICs can fill the gap in
correlating geomagnetic energy with many natural processes, including seismic activity,
hurricanes, volcanic activity, and geothermal dynamics. Anomalies in correlation data
hypothesize energy build-up. However, my study suggests that deep GICs are also the potential
underlying factor creating these correlations across various natural phenomena, aiding in a
comprehensive understanding of geothermal ecosystem variations driven by solar-induced

geomagnetic energy.
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LIMITATIONS

The primary limitation of this model is the accuracy of the Dst index, a broad differential
measurement that reflects overall changes in Earth's magnetic field strength during geomagnetic
disturbances. The Dst index is continuously monitored using data from several observatories
worldwide that provide an average measure of global geomagnetic variations. However, specific
monitoring of the geomagnetic field at ground level is limited to a relatively small number of
observatories across the globe. For Yellowstone, the closest geomagnetic observatory is located
in Boulder, Colorado. While Boulder is relatively close on a planetary scale, it still presents
limitations when performing precise analyses of geomagnetic field line interactions in this
region.

The analysis of geomagnetic storm impacts using data from observatories from Boulder
(USA), Kakioka (Japan), and San Juan (USA) on March 23-24, 2023, illustrating spatial and
temporal variations (Figure 7,8&9). These observatories show differences in the hour and day of
the geomagnetic impact, showing the possible limitation of not having a direct monitoring site at
YNP. For example, while the event was significant in Japan, it impacted at a different time and
duration compared to the observations in Boulder and San Juan, demonstrating how geomagnetic
effects can vary both spatially and temporally. The variation of impact seen with San Juan

compared to Boulder is slight, whereas the impact was seen first in Japan.
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We see the importance of observing geomagnetic storms from exact and multiple
locations to understand their temporal and spatial dynamics fully. It also highlights the need for
more geographically specific observations, particularly given the significance of factors like the

tilt of Earth's magnetic field, the timing of the solar event, and the specific location of impact.

Establishing more dedicated geomagnetic monitoring sites would significantly enhance
our ability to observe planetary scale geomagnetically induced current (GIC) movements and
their influence on surrounding ecosystems. The transfer of magnetic energy into thermal energy
alters the geochemistry of geothermal waters, which in turn impacts the chemical composition of
soil and precipitation. These geochemical shifts influence species-specific resilience and

vulnerability (Rinehart, 1980). Variations in geochemistry affect multiple aspects of the
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ecosystem, including fungal community growth and vegetation patterns, as well as the growth,
resilience, and adaptive capacity of species that rely on specific soil chemical compositions
(Bazzicalupo et al., 2021; Channing & Edwards, 2009). Magnetic energy driving changes in
geochemistry, facilitates ecosystem shifts, altering vegetation patterns and microbial community

growth, shifting the ecosystem dynamics of the surrounding area.

CONCLUSION

My study presents a conceptual model that reframes solar events as drivers of geological
thermodynamics through a geomagnetic energy flow extending from the magnetosphere to the
Earth's interior. In the model, geomagnetic storms create geomagnetically induced currents
(GICs) that cycle through the outer core, where variations in the geomagnetic field create deep
GICs throughout different areas of the field path, leading to variations in depth and impact within
the Earth's interior.

Using geomagnetic, geothermal, rock dissolution, and thermal dynamics, my proposed
study enables a more comprehensive visualization of geological thermodynamic pathways,
including transferring heat from solar events to terrestrial systems. We gain insights into the
causality of geothermal ecosystem through rock dissolution rates induced by thermal energy.
Furthermore, using YNP’s highly conductive geological features to track deep GICs, as it offers
a natural undeveloped area to correlate these relationships.

Future research should focus on refining this model through empirical testing,

incorporating more localized data from additional observation sites to address current limitations.
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Establishing direct monitoring in regions like Yellowstone will enhance the accuracy of
understanding how solar-driven geomagnetic energy cycles influence geological and ecological
processes at varying depths. Ultimately, this study lays the foundation for exploring how solar
events influence Earth's internal dynamics, contributing to a broader comprehension of planetary

energy flow and its implications for natural systems.
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