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ABSTRACT

NUMERICAL INVESTIGATION ON THERMOMECHANICAL
CHARACTERISTICS OF EARTH'S CRUST WITH MAGMA CHAMBERS

Er d o pelinn
Master of SciengeMechanical Engineering
SupervisorAssoc.Prof. Drr¥ z g ¢ r Bayer
Co-SupervisorProf.Dr.¥zg¢r Kar aoj |l u

November2024 117 pages

In this studyrelationshipbetween cooling and stress distributamoundthe magma
chambers formed by silicate melts settled throughouE#nth's crusts researched.
Subsurface magma chambéhnsough crustal domaiaremodeledusingCOMSOL
Multiphysics with 2D and 3D modeling approaches. The magma charBbgbx5,
20x3x3,and5x1x1kmin size,areexamined in 2 distinct caseto explore different
thermomechanical behavior applyidigtinctsettlement depthasnd magma internal
temperatureshroughdepth of1-30 km. Threeinitial internal magma temperature
values are defined a0 0 A8D,0 AaBd 90 0 AExthd surfacetemperatures
assumedc onst ant att hlesrAnta,| wgirtahd i @ ntsdepti. 25 AC/
Temperature dependentmechanical pperties are assignedto magma and
surroundinghost rock. Results from both modaleanalyzed to better understand
how changes in size, temperature, and location of mapamberanfluencethe
thermemechanical behavior of upper craistettingsubjected to active deformation
such asntracontinental rif andslab subductiozones 2D and 3D model outputs
are compared to determine the most suitable modeling methodology for similar

geological scenariosn terms of modeling costs rad data consistencyit is



highlightedthat the stress distribution in the 3D model is more homogenougpand
to 20%lower compared to the 2D modelaverageprimarily due to the wider stress
dispersiorandmore efficient heat transfer. The results suggesttiige8D models,
outputtingshorter solidificatiorperiodsand lower stress concentrations, represent

the stress patterns more reliably.

Keywords: Magma Chambers, Thermomechanical Eff&tress Fields, Magma

Solidification, CrustDeformation
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¥Z

MAGMA ODALARI NA SAHKP YERKABUJUKKUN TERMC(
DAVRANI kI NI'N SAYIlI SAL KNCELENMESK

Erdojan, Selin
Y¢ ksek,Maikssannas Mg hendi sl i 7] i
Tez YO DeotDr&izgi,r Bayer
Ortak Tez ¥neticisi:Prof. Dr.¥ z g ¢ r Kar aoj | u

K a s 2084 117 sayfa

Bu -al ekxmada, kapal é bir si stemde, si |
odal arénén yer k abuy aur abt @ yey nec as oyj eurmae Kvi emi g

i | i Kikceléemeirki Y er kabuju bowmagma y9dal akai COM

Mul tiphysics ile 2D ve 3D modell eme yak
0 d a BOx5x® 20x3x35x1xlk m boyut | ar é&dkim dd ruipnl il] iinldae
kontrol hacminde her biwve niilnk yiearllea&d alk & &l
12durum i-in incel eamreédhakt ismeecaMaeEokidC, o d a l

80 0AC0AC mak Jmarkd ¢ -s é cilatkd e amélkat jeaerrl eyr¢gjz ey |
séecaskdbeijte 18ACIiaml ékée, birlikte hlabul kil ome
edilmi ik Magma odh aertér akf apankdyave magma - i n s écakl éja ba
farkl e°mek aanhk kneétkatneModel | erden al énan - ekt
manto ya da kabuk ergi mesi sonucu ol uka
| okasyon dejikimlerinin, yer kabujunda al

(keta yar éjzal, agbdeterhoane kanhi kn davranékl ar éné

ettijinin anliak@Eila2mhsee hadDefmoadmreih -éekt el a
senaryolar i-in en uygun model |l eme met od ¢
maliyetleri ve ver.i t uméa Buman sénkidurada, 8D a - é s é
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model deki stres dajél éménén, o2maRmagaodel e kéy

%20yek adar daohaud amaak bunun bakl éca sebepl eri

yay évedméra veri mli ésé transferi ol duj unu
bajl amda, daha késa kateéel akma s¢resi ve dah
3D modellerin stresdaj €l éddlaa erg& venilir bir Kekil de

g°stermektedir.

Anahtar KelimelerMagma Odal ar é, Ter momekani k, Stres

Kabuksal Deformasyon
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CHAPTER 1

INTRODUCTION

1.1  Magmatic Systems

The Earth's internal structure consists of three main layers, namely the core, the
mantle, andhe crust. Each of these layers has distinct compositions and properties
that interact to drive the geological procesSdwe focus of this thesis study is the
crust which is thethin, outermost layeof the Earth.It plays a fundamental role in
geodynamic processes, such as plate tectonics, faulting, and the formation of
geological structures. Its composition, thickness, and mechanical properties are key
factors in understanding the behavior of Earth's surface and its interactions with the

underying mantle.

crust
0-100km

\
mantle ™
2900k

outer core
2200km

inner core
1200km

Figurel.l. Layers of the Earth

The crustis suldivided into two distinct typesceanic crust and continental crust
The oceanic crust, typically formed fromafic rocks likebasalt, is denseavith an
average thickness of about 7 kilometers. In contrast, the continental crust is
composed predominantly &lsic rocks likegranit, varyingin thicknessfrom 30

km to 70 km Both types of crustsvolve individual sublayers having distinct rock
structures.The stratificationresults fromthe lithological differences caused by



variations inmineral compositionrock accumulationover geological timescales
and magmatic systenprocesses Over millions of vyears,processes like
sedimentation, tectonic movements, erosion, and biological accumulatioa

createl distinct layers of different rock types and compositifdr}s

Magmatic systemswvhichincludethe generationmovement, andifferentiation of
magma beneath the Earth's surface responsiblfor the formation of underground
sublayers igneous rocksand volcanic activitied2]. Magmatic processs are
initiated bygeneration of magm&he increase in temperatycecrease in pressure

and addition of volatilescontribute to the partial melting of rocks in the Earth's
mantle, leading to the formation of molten rock, known as magma. This process
occurs primarily at tectonic plate boundaries, hotspots, and subductionwbees,
conditions such as rising temperatures or decompression cause minerals within the
rock to melt and form a liquid phasBlolten rock is composed of three main
components: a liquid me({tmostly silicate) suspended crystalline solids, and gas
bubbles. When this molten material erupts and solidifies on the Earth's surface, it
forms volcanic rocks, which can be either crystalline or glassy. Conversely, when
magma cools and solidifies within the Earth'siiote the resulting igneous rocks

are classifie@s intrusive or plutonic rocks. These formations differ primarily in their
cooling environments and resultant textUi@s Partial melting of ocks may occur,
forming domainsof magmd4]. After its formation(which mainly occurs within the
mantle) magma migrates throughe mantle, then t@rust, moving from regionsf

higher pressure to lower pressure along paths of least resjstdmeen by
thermodynamic gradients and fluid dynanpesciples This propagatiorcan occur

both horizontdyy and verticdly through the pathwaysuch adractures, faults, or

magma chambef§].

As magmamovss, it cools and maydifferentiatedue tothe crystallization osilicic
mush zones and formation wiinerals at different temperatures, leading to distinct
rock compositiong6,7]. Over geological timescales, these formations shape the
Eart hds c s Magmasodlidifidatiam@ay mot completely occubelowthe
Ear t h 0 s it sometimeareaees the surfacevia volcanic vents or fissurgs



causingeruptions.In most casesnagmaaccumulatsin igneous bodieknown as
magma chambeyrsvhereit cools over time [8]. The surrounding ock structure

calledasthehost rock plays significant role in this process

Magma chamberswhich are undergroundeservoirsfilled with magma play a
considerable role in volcanic systerasd crust deformationsvhich in turn, the
formation ofunderground rock structur&éhese chamberare categorized based on
depth, size, shape and compositioarge, cepseatednagma chamberknownas
fireservoir® arelocatedatdepths o0 to 80 kmwhile othetmagma chambeisan

be settledat depths ofl-9 km below theEarthd surfaceg9,10]. Thevariationin size

and form ofmagmachambes is influenced by factors such as magma volume,
geological structures, and tectorsietting Their shapes can include tabular, lens
shaped, irregular, or complex geometries shaped by surrounding rock structures and

magma emplacement processes.

The difference in composition are influencedrop g ma chamber 6s dept |
position.Magma chamber®catedin the deep lihosphere argypically filled with

alkali-basaltic magmavhereas shallow onemnmostly be acidic (e.g. rhyolite)or

intermediate 11]. The characteristic of magma, whethacidic, basaltic, or
intermediate, is determined by ithemical composition.Both magma insidex

chamber and the surrounding host rock can vary in compositimtompositional

differencesin magma chambersat variousdeptts can be exemplified by the

underground volcanism observed in the Yellowstone raliumtrated in Figure 2.

Rhyolitic Magma
Flows and Asphalts

Rhyolitic Magma

30-35 km

] \

Figurel.2. Magmachambersn Y ellowstoneregion[adapted fronil2]



Variatiors in magma chamberompositios lead todiffering chamber temperatures
which initiate heat transfesubsequentagma coolingThis heattransfer between
host rock and magmarives thesolidification procesdeadingto the formation of
rock Crystallization,in which meltssolidify to form solid structures, e key to

this process.

As magmacools and solidifiesthermal stressesnay inducefracturesin the host
rock making thehermemechanical properties bbthmagmaand host rockritical
in predicting these fracturedMagma s  micompaosiddnhas significant effect

onits propertiesasdetailedin Table 1.1.

Tablel.1. Properties ofommonmagma compositiorat 1 bar 13]

Liquidus ) Specific Dynamic
- Density _ _ _
Composition  Temperature kg/m?] Heat Capacity  Viscosity
p m .
[ AC] J [J/kgA C [kg/mg]

Granite (dry) 900 2349 1375 1.2x10°
Granite

900 2262 1604 5x1C
(2% H0)

Granodiorite 1100 2344 1388 1.3x1¢
Gabbro 1200 2591 1484 30.0
Eclogite 1200 2591 1484 -

Komatiite 1500 2748 1658 0.15
Peridotite 1600 2689 1793 0.25

The composition of magmatic rocks varies significantly and is typically categorized
by the presence of major, minor, and trace elements. Major elements, with oxide
abundances exceeding 1 wt¥gpically include SiQ, Al.0s, FeO, FeOs, CaO,

MgO, and N2O. Minor elements, present in concentrations between 0.1 and 1 wt%,
mainlyinclude KO, TiO,, MnO, and BOs. Trace elements, comprising less than 0.1
wt%, are also present. Volcanic roctich form from the rapid cooling of lava at

the Earth's surfacaye often classified based on silica (gi@nd total alkali content



(Na&O + K>0), while plutonic rockswhich crystallize slowly from magma beneath
the Earth's surfaceyre better defined by their mineralogical composition, such as

guartz, plagioclase, and alkali feldsjpa4, 15|.

Magmatic rocks are predominantly of two compositional types: basalts and granites.
Basaltsare mafic rockgich in Fe and Mg oxidegypically found inthe oceanic
crustTheir solidus and | i quidus temperature
respectively. Granites, which are more abundant in continental crust, represent felsic

rocks rich in silica. Their solidus ten
conditonslowe i ng this to 680AC, and their |1iqglt
105 qIBC

The evolutionary history and composition of magma significantly influence its
physical propertiesFor instanceas presentedn Figure 1.3,melt density varies
according to composition and temperatur@nhydrous and mafic magmasross

the compositional spectrum from rhyolite to komatiite

3200 2800

Komatiite Komatiite

Basalt \ — Basalt
Andesite ~ 600 _\ Andesite

~ 3000 —
g \ Dacite \E Dacite
oh ——— Rhyolite e = Rhyolite
i Y -~ y
< 2800 B = \
%‘ E 2400+
= — =
8 2600 - 8
— (a) 2200- (b)
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800 1000 1200 1400 1600 1800 2000 2200 0 1 2 3 4 5 6 7
T (oc) wt% H20

Figurel.3. Variation of magma density witta) temperaturerad (b)wt% H2O [17]

The correspondingtemperatures for each melt align with typical eruption
temperatures. These densities are calculated at a standard pressurerefl@diang

the effects of compositionalnd thermal variationdt ranges from 2300 to 2900

kg/ mj for silicic tinversely gropartionalftanagmatico mp o s i t
temperaturesvith the contributional effects dalkali metals and watebDissolved

water contenteads to drastic decline in magma density.alkali metalsvolatiles



and water are moreompressible, their presence significantly affects the pressure
dependence of magma densi§ompressibility,which plays a vital role in the
explosivity of volatilerich magmasis also affected by ehsity [17]. The
differentiation of magma by fractional crystallization is also derd#yendent,

influencing its segregation, ascent, and erupti@h

The buoyancy of magmayhich alsoinfluencesits ability to ascend and eryps
determined by the density difference between magma and country rock, governed by
gravitational forces and the depth of the magma. Positive buoyancy occurs when
magma is less dense than the country rock, promoting ascleeteasnegative
buoyancy occurs when it is denser, hindering movement. The point where buoyancy
shifts from positive to negative is the neutral buoyancy level, where magma ascent

cease$19].

The cooling rate of magma also dependent on its composition, influences its
properties and affects the crustal structure of the host Raghid cooling leads to
fine-grained textures due to the limited time ¢oystalgrowth, albeislower cooling

rate resultsn coarsegrained texture[20].

Although magma solidifieto form igneousrock, its content angropertes do not
remain entirely conserved, asmemelts crystallize at different rates, creating a
unique structureZl]. Thecrystalline texturef thehost rocksignificantly dfectsits
mechanical response to stress, influeng@rgpertiessuch aslensity,yield strength
and Y anodulgsvaluesThesepropertiesare essentidb foresee fracturesuch
asdykes sills, or evenvolcaniceruptions.The potential for fractures, arierefore

the thermomechanical properties of the host rock, are of particular importance in

geological studies.

Two primary types of mechanical fracturescurin host rockare shear fractures
caused by shear stressexl extension fracturesaused by tensile stress&hear
fracturesmanifest astrike slipfaults, while extension fracturescludetension and
hydro fractures. Tensile fracturasse from tensile s¢ss resulting in structures like

dykes [22]. Faults are zones where rocks have undergone fracturing and



displacement along a planar surface aathliensile and shear stresses can play a
role intheir formation The dominant stress type depends on the fault type and the
direction of tectonic forces in the region. In Figure 1.4, fantt deformationypes

are illustrated along with the stress types that lead to their formation.

\ W

LY

(a) Reverse fault (b) Normal fault
(c) Strike-slip fault (d) Opening

Figurel.4. Types of faults dominated by (a) shetitesses(b,d) tensilestresseand

(c) compressional stresses

In a geological study area, the presence of grabens or horsts typically indicates
favoring tensile fractures, prompting a focus on analyzing tensile or compressive
stresses. This expectation arises fromtémelency of such features to form under
extensional forces. However, in cases where the geological setting indicates
significant horizontal displacement between two distinct zones moving in opposite
directions, as depicted in Figure do4the likelihood éshear fractures increases. In
these situations, the analysis shifts towards examining shear stresses, which play a
crucial role in driving deformation and failure mechanisms under lateral shearing

conditions.

Internal pressure and thermal stresses of magma chambers exert poasthee
surrounding host rock, leading to stress concentratidmsrefore, he existence of
magma chambers, through their thermomechanical effects, contributes to the
generation oshear and tensilgtresses or amplifies existing on€gher than their



contribution on the complex loading on host rookagma chambers also cause

fractures through their direct movement and propagation within the Fmk

instance the roof of a magma chambseright fail due to tension and a dykeay

form. In this case, mgma follows the paths dictated by the maximum principal

compr es s iiEke, ifthe comired lithdstatic and magma excess pressures

surpass the host rock's tensile strength and minimum principal compressive stress,

s, themagma chamber piures, ceating hydrofracturef23]. Lithostatic pressure

(p), dependingn depthijs the pressure exertbg the overlying rocks and sediments

where magma excess pressure @@orresponds to the fluid pressure inside the

magma chambelt is important to emphasize thgenerally, the overlying rock does

not consist of a single type of rock and al
considered individually and then summed for the resultantvgiue [24].

Consequently, surface conditions have a more significapadimon shallow rock

structures If a magma chamber6s distance to Earth
chamber s diameter, fr eencenuvatidnaacoandthé f ect s t h
magma chambe€i25]. As the lithostatic pressure is low in shallow crust, effects

caused by magma chambers dominate.

Stresses cause fracture when their magnitude exceeds the strength of h@&.rock [
Similarly, eruptions take place when the magma pressure in a reservoir or chamber
exceedsthb o st r o c kig.sTheeefore, tormgkie reasonable assumptions

host rock fracture, deeper understandihbost rock properties is needed.

At low stress levels,ocks are linear elastic materials whimbhavewith respect to

Ho o k e 6 $27]. Unasimpler terms, exposed stress vereostr oc k 6 s el ast i c
(temporary) deformation has a |linear rel ati
modulus) value oftherocRo ¢ ks h av i n gmotiulus ageealled stidéf and 6 s

the others are compliant. Common solid rock property values are between 0.10 and

0.35 for Poi &SPanédasdr &@a0i GPant ad299Rockngoés modu
strength increases with increasing crusttdép general but pores, vesicles, present

fractures and contacts also have a significant effect on those properties. Actual values



can be found not only by in situ examinations but also with theoretical models using

upscaling.

Apart from the temporary deformatiocharacteristic,which is determined by

Y o u nrgodutus, plastic deformation behavior also decides on rock proptasy.

rocks having considerable plastic deformation before fracture are called ductile
where the ones who immediately breaks before little permanent deformation are
called brittle. Generally, as therust depth increases and overburden pressure

increaseshostrock becomes more ductildq.

R o ¢ k 6 sstrantcune s kighly informative to comment on the effects of stresses

on a rock structure. In Figufe5, behaviorof a rock when exposed to compressive

stress until a macroscopic failure occur is seen. First portion is nonlinear where the
following elasticportion whose slope the E value is linear. The reason of the first

portion being concave upwards is that this process includes the closing of
microcracks and porewaliune -Bihneuast& ucs ut & e
strength of the rock where it gvalae, ts to
plastic deformation starts with the growth of microcsaak the stress direction.
Lastly, the macr os g olfpnatestréngtta The lastend dfthear t s
graph is residual strength which the rock has after frackmecommon rocks, a

sudden fracture occurs after region 3, therefore theattion of Figure 15 is

significantly shorter than illustrated.

Lo V'Y
L
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@
®
Residual
@, Strength

&

Figurel.5. Typicalstressstrain curve of arock specimen



El astic deformation of rocks is not respons

to local tensile, compressionalor shearstresses aroundrust layers or grain
interfaces, causing fracture on another rock structure having less sti@fjgeven

though elastic deformation and the associated stresses may not directly cause
fracturing in the rock, they should be examined in detail as they transfer load to
adjacent domaing.herefore, gess vect@ having three orthogonal componerds

a domain is illustried inFigurel.6. Nor mal stress (0) acts
where shear st rTaefistindex (fstesds the axis pemandiculér e |

to the shear acting plane and second index is the direct&ires$
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Figurel.6. Component®sf stress tensor at a control volume

The maximumand minimumrmormal stresses occwithin a controlvolumeexposed

to complex loading conditionare identified aspr i nci pali, stsrlesses:

Composition of principal stressas in Eaq (1.1) is thevon Mises stresglefinedas

the effective or equivalent stresgjlowing a comprehensive assessment of
deformation and yield condition$resca and von Mises criteria are indicatethas
most appropriate criteria to use when considering ductile or plastic rock behavior.
Von Misesstates ayon Mises stress exceeding the yield strength or alternatively,
octahedral shear stress exceedinty times theyield strength 32]. It is appropriate

to work on von Mises stress contours and trajectories to estshatefracture

behaviorof rocksand onls for the tensile fractures
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In summary, the primary focus encompasses the processes of solidification and the
resulting rock fracture in the host rock due to their interrelated impgelttancepts

and behaviors of the magmatic systems mentioned above are studied both
individually and in combination in the literature to enhance the understanding of

tectonic occurrences.

1.2 Literature Review

So far,the relationbetween magma chambers and tectonic environnmastdeen

studied by numerous researchesystallization solidification and rock fracture

have been extensivetyudiedfor forecasting rock age and crust deformati@tsess

distributions caused by magma chamb&rs t h er mo me c h althaugha | ef f
relatively recent, have alsbeen investigatedThe important clusters of studies

created to understand tlidferent aspectsliscussed in Section 1.1 are presented

below.

Formation and yhamics of magma chambegise dominatedby magmatransport

and solidificationcontrolled by fluid dynamicand thermodynamicegespectively.
Sparkextensivelystudiedthese concept® make forecasts omagmamotion and

eruptions These studies identify four mechanisms for magma chamber formation;

magma intrusion, defrosting, reactive flow accumulation, and layer coalescence by
discussing how these mechanisms contribute to magma chamber development and

the diversity of igneous phemena.[5 33].Spar kdés studies on mac
and dynamics play a vital role in studies considered magma motiobedwadior

Magma flow ismodelledto examine the potential of formatiaf chambers, dykes,

sills andthe occurrencef eruptions in the literatur&4-37).

Crystallization concept have been deeply studied, generally by mating with mineral

composition as they are highly related. In the late 80s, Cashman studied the
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crystallization dynamics of rocks which are all major sources of this. fidie
dynamics of crystal growth and the mechanisms of crystal formation in magmas are
explored. Theseesearchsfocuson how crystallization processes influence magma
viscosity and the resulting geological features, providing insights into the behavior
of magma during cooling and solidificatidi38-40]. Rather than the crystallization
volume itself, chemical processes at the interfaces of crystal melts were also taken
into consideation. Albarede et al. and Lofgren et al. found that if the growth rate of
crystallization is higher than the components diffusing away from the interface, a
chemically affected zone will form around the crystal leading to skeletal like crystal
structure having chemical differences from their parent m&li42]. In support of

this, Grove et al. held an experiment and observed that a simple growth rate
difference might cause many different crystal compositions all emerged from the
same parent melt becausf the cooling rate differences caused by different mineral
properties 43]. Kotash noted that not only the mineral composition of magma but
also the presence of volatiles has an impact on host rock properties as they affect the
output host rock material by escaping and leaving solidified material behind with
vesicles (holes) &apped inside44]. Small scale experimental studies and numerical

models to observe crystallization dynamics are also rj#Heé7].

The process of magma chamBelidificationhasbeen studieéxtensively by many
researchers. Delaney et al. worked dibanodel for the solidification of magma in
adyke in early 8048]. This study has an importance for having analytical relations
and solution methodologies without needing any softwamnilarly, analytical
thermal modelsverestudied by Annen et al. for a 1D geometry. Spatial temperature
value at any time and radius is obtained by combining analytical formulations to
obtain the solidification time and thermal hal@gt®]. 1D analytical models are
important as they discuss the physicsegéntsand form the basis ofsoftware

applications orgyeologicalstudies

From 19% andon, with geological modelingsoftwarecame into use, numerical
analyses started to emerge in literature. Silva et al. modeled the conductive cooling
of a magma body in host rock to obtain temperature profiles\perature data of

12



magma bodies weranalyzed,and it is found that near magma chamber body,
continuous gradient temperature profiles all around the chamber which is called

At her mal hal oso aff ect d56).fBea, snudiedig@anite b e h av
magma solidification for magma chambers cooling at distinctive crust depths with

the properties output from MELTS by inputting the mineral compositisi. [
Researchon the cooling and solidification of magma by modeling are held

comment on the age ofrack, magma chandp [52-64].

Other than the analytical studies or modeslidification can be observed via
captures of SEM methods for a known aged chamber or analyzed through small scale
experiments. As an instance, Dunbar et al. held an ISV experiment at Oak Ridge
National Laboratory on solidification of an artificial melt to deeply inigede
solidifying process. Dolomitic limestone gravel was poured inside a saprolite domain
and temperature data is taken to observe crystallization profile by time. This
temperature profile gives an insiginto the true pattern for magma cooling and
solidification [65]. Another experimental procedure coupled with modeling is held
by Rodr2guez et al. This study was hel d t
approach and scaling for magma solidification cases by observing the solidification
of 10 mm melt capsulesnd relating them with large scale magma chambers.
According to this study, the experimentalmerical approach largely depends on

the volume and aspect ratio of the magma chan@égr [

For modelling many studies ititeratureneglects the property differences in crust

layers but in reality, there iyustheterogeneityTo obtain the lithospheric domain

and its sublayers, Tarhan studied the crust layestratigraphic columnar section

of Eastern Anatolia Accretionary Compleonsisting of thdayers composed of
sandstone, metamorphic rocks, massive gabbro and limestone. A significant fractural

ani sotropy s o umodutis viargbility between tayers.g-0r snstance,
continenal crust tends to have a higher Young's modatuspared to oceanic crust

due to differences in composition and thickngs$. Gudmundssoheld a study by
considering effects of Yo uangobtputtetmsbu !l us v

changesn mechanical properties over space and time influence fault displacement
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and scalingoehavior[68]. It highlighted the fact thatrustlayers having different

properties should be consideliednodelling

Gudmundsson has highly valuable wern the mechanicakffects of magma

chambers. Hydrofracture occurrence examinatiomrged him to study stress

distributions on host rock, around magma chami®9ks He developed studies on

stress distributions armutputother valuable analytical relations for foreseeing any

fracture causng structure formatios like dykes, sills or eruptions/Q]. Further,

Gudmundsson studied the local stress concentrations caused by magma chambers

and output analytical cavity models by considering different configurations and

shapes for magma chambers. He has found that if the distance between a magma
chamber and Earthodos surface is | ower than
chamber, it exerts the maximurh s ess t o Earthods surface. Ot
stress occurs at points on magma chamber host rock interface. Magnitudes and

locations ofmaximum tensile stress and maximum compressive stares$oth

out putted in Gudmundsson@/4 7% Thosygtudeds t h analy
gave insightdnto all researchwhere mechanical effects of magma chambers are

considered.

A recentset of studies onmechanical effects of magma chambers on host rock
structureareheldby Browninga n d K a Thaimmjpdelwftheanisotropiadomain

of Kar|l eéova r emih magmas chambetdsving complex loading

conditions, magma internal pressure and external Joadtputted the stress
distributionscaused by magma chambg2§]. Similarly, Kar aoj | u et al . i nves
the Triassic mafic igneous system of Antalya by building a 3D model having external

loadings andprescribedvelocities simulating tectonic motions to output stress

distributions [3]. Browning et al. studied the dykes formed in Santavitih magma

chamber ruptures by using real tectonic d& [

Ma g ma ¢ h a mbomeclsadicaldffécts beagin to make an impact in the
literature after pure mechanical studieKXar aoj | u et . al studi

t her momechani cal effects for eKKlaateddhatova Tri pl
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volcanic rocks and faularesignificantly influence bythermal fluid movement and
heat transport, with magma beneath the
primary heat sourcéer$,76]. In addition,Browning et al conducted a study on the
thermomechanical effects of magma chambers with a 2D model having a
homogeneous host rock domain without any temperature grafleat.ding to this

study, thermal expansion is responsible from the increase of shear and decrease of
tension around the chamber when compared to a case having only purely mechanical
effects [/7].

1.3  Motivation, Objective and Organization of Thesis

Magma chambersignificantly influencethe thermemechanicalconstraints of
surroundinghost rock which is crucialin earth sciencefor better understanding
dyke nucleation, cruatdeformationand rock fractug. These insights mgyrovide
forecasts on tectonic interactiossich asearthquakes, volcanic eruptionand
ground deformationsStudies on magma chambehsive been discusseth the
previous sectioycoveringboth fundamentdlehaviorsand specialized topicgvhile
many numerical models exist for specific geometries, thermal factors affecting
mechanicabehaviorare less explored.hermomechanical studies on the effects of
magma chambers are rare and relatively new, highlighting the nead\fanced
numerical thermomechanicamodels. Given thechallengesand cost of field
measurements iearth sciences numericalmodelling becomes crucial in these
contexts. Therefore, developingermomechanical basetumerical models and
recommendingptimizing solutiond such as investigating the differences between

2D and 3D modeé would provide significant contributions to the field.

In the literaturesolidification of magma chambesis typically modelledusing 2D
frameworkswith constant, temperatuiedependent properties. Similarly, stress
accumulatios around magma chamber@re analyzed separatly using solid
mechanics modelthat do notaccountfor temperaturevariations However stress

distributions danot simply depend on mechanical properties and magmatic pressure
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only. Rocks might fracture because of the accumulation of thestneeles caused
by thermal expansion and contractiduring magmasolidification In addition, as
the change itemperature affesthe properties of magma atite surroundinghost
rock, temperature dependent properties should be considered in numexdiedling
of cooling and solidification ofnagma chamber This studyaims to investigate
crustl behaviorwhen mechanical stresses are coupled with thermal etwegh
different modeling aproaches and make a comparison on thEme noveltylies in
developng a model incorporating thosesrperaturalependentproperties and
couping solid mechanics with heat transfer physiecgough2D and3D transient
modelling 2D and 3D models on a specific geological casén COMSOL
Multiphysic€ 6.1 are developedo analyzethe thermomechanicainteractions
occurringon E a r tcrbs§{#8]. The results of tasecoupledmodellingapproacks
are then compared withach otherhighlighting thedifferencesbetween 2D and 3D
methodologies.With this comparison insights are gained into moreaccurate

predictions othe solidificationprocess and stress fieldsnature

The findings of this study revegthe impact ofpositional and thermathangs in
magma chambem thethermemechanicabehaviorof theupper crusdl settingas
obtainedthroughboth2D and 3D modeal The methodology used theseanaly®s
is detailedn the followingsection
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CHAPTER 2

METHODOLOGY

In this study, a common subsurface formation in geol®egyaminedunder different
scenarios to investigate solidification processes of magma and the stresses exerted
on surrounding rocks during this proce$his subsurface formatiois a specific
geological caseonsisting of arust domain having magma chambems host rock,

is identified as Target Geological Model (TGM)GM is analyzed by coupling
thermal and mechanical effects with 2D and 3D modeling approack#3MSOL
Multiphysics by inputting temperature dependent propertiege to the long
timescales and large domains involved in geological models, experimental data lacks
and validation with experimental data is not applicaBleerefore preliminary
analysesare conductedfirst, to gain insights into the generfédlamework and

accuracy of the model setup.

In the preliminary studies, modedseconstructed with scenarios basediterature
studies, imsitu instantaneous measurementsclodmber ages or similar physical
analogies found in the literature. These preliminary matelsstablished to provide
insights into the inputs and model setup, and the obtained rasedampared with
literature findingsin Section 3 Once the accuracy of the model setup and the
employed physicsare confirmed, TGM is built by using the same physics and

modeling approach

In TGM, the two physical phenomena used are heat transfer and solid mechanics
coupled with thermal expansiofihese pyhsicare weltestablished and widely used

in COMSOL Thereforethe softwaregives accurate resultspabling itto mitigate

the lack of validated data for the modéls.the literature, tsidies emphasizing
COMSOLOGs rel i abi | instance Bagher ep al emnduoted.the Fo r
simulation of thermal and hydrogeological effects of a shallow lake in a permafrost
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environment and confirmed that tirdependent heat transfer with phase change
effects can be accurately modeled by COMS®lvalidating data from previous
studies 9. Similarly, Freeman et abuilt a hydro mechanical model by coupling
heat transfer and structural modules in COMSOL Multiphyaizs pointed outhe
accuracy of the results obtained from COMSfOL a wellconstructed moddby

validating the outputs3[].

Even through all those preliminary studies :
simple physicsdue to the absence of experimental data to validate the temperature
and stress values spanning millions of years obtained from all these models,

definitive conclusions cannot be dravinut they provide useful insights.

2.1 Theory

The scenario iTGM is characterized by a crust structure containing thltgesoidal
magma chambers of siz89x5x5km, 20x3x3km, and5x1x1 kmsurrounded by

host rockas presented in Figure 2@ver time, these chambers undergo a process
of solidification, leading to significant thermal and mechanical interactions with the
surrounding host rock. The resulting stresses within the host rock are influenced by
a combination of thermal expansion acmhtraction phenomena, necessitating a

coupled approach thintegrates heat transfer and solid mechanics.

Figure2.1. Visualization of the TGM threemagma chambers in host rock domain
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This analysis encompasses the physics of heat traarsfiggthase changeoupled

with solid mechanics via thermal expansidhe magma chambgaremodeled as

phase change material while the host rock is assumed to undergo no phase changes.
Magma solidification takes place with heat transfer through magma chamber to host

rock. Related governing equations are giwethis section
Assuming negligible radiation, the energy equation for magma is:

_ 14 .
WA T o84 nE D (2.1)

—a

wher e | IpB spdcdinreatt iy the rate of change of temperature with

time, o814 is the convection termi8 is the heat conduction term, represents
additional heat sources, in this case from other magma chambers and reservoirs
However, as the control volume for energy equation is magma only, heat transfer
from other chambers cannot be considered in it but includete conduction
between host rock and magma, therefore it is 2éetocity vector of translational

motion is represented withwhere hck of velocity of fluid magma flow enablés

set the term including tb become zerdn reality, there is a fluid motion of magma
within magma chambers driven by buoyancy but in similar studies, this motion has
either been neglected or addressed as a separate topic of investigation. Therefore, the

convection term is omittedHeat flux by conduction is expressed with Eqn2)2.
| @4 (2.2

In order to model the phase change phenomenon in the magma domain, apparent
heat capacity formulation is used. In this method, heat capacity of the material is

takenas an equivalerth,eq outputtedaccording to the phase and mass fraction.

- 18

Or [ Or ] ©f 7 (23)

—denotes th@ercentag®f the material and subscripts 1 and 2 indicate the phase,
liquid and solid respectively. is the latent heat of magma and X is the mass fraction

expressing the ratio of solidified magmait® initial form. As the specific heat is
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temperature dependent and sagiation is used for both magma and host rezk,

and®f, values ardoth equal t@ (T) and Eqgn. (2.3pecomes Eqn. (2.4)

Wp (I) — (24)

Eqgn. (2.5) is obtaineby substitutingeqn. (22) and Eqn(24) to Eqn. (21),

14, 18
g e 7o

(2.5)

When heat transfer is coupled with solid mechantbg additional term of
thermoelastic dampening  should be added to Eqn. (2.R)isincluded in energy
equation only when solid mechanics is coupled with heat transfer because it
represents dissipation of heat caused by an external mechanical stimulant. Then, Eqgn.

(2.5) becomegqn.(2.6).

14 - 8 .
D — ™4 — L 2.6
NwTO n8 @ N\T 0 (2.6)

0 | 4% (2.7)

In Egn. (27), | is the thermal expansion coefficient, aBds the second Piola

—a

Kirchhoff stress tensor which is the term relating the internal forces in a deformed

material to its undeformed configuration.

3 3 mR (2.8)

C is the constitutive tensor which is a function of Young's modulus and Poisson's
ratio as it establishes the linear relationship between strain andstrissthe elastic
strain representing the elastic deformation of the mat&gk the adiabatic stress
componentalled Second Piol&Kirchhoff stress tensor which is theternal stress

under adiabatic conditioni.can be obtained by Eqn. 8.

3 3 3 3 (2.9)
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So is the initial stress component ahdeformed state..%is the external stress
component refering the stress due to boundary Joadigh is due to the magma
internal pressure in present caSgis the thermal stress which is thgess caused
by thermal effects.

R R R (2.10)

Elastic strain is calculated with the subtraction of inelastic sty (vhich is the
irreversible deformation from overall deformatidilAs the materials are assumed
as linear elastic, inelastic strain is neglecldgermal strain, which shows the amount

of thermal expansion is obtained by Eqn1{2.
R | 4 4 4 (211)

The equation of motion to obtain stress magnitudes for a linear elastic material
solved in FEM model i€qgn. (2.12)

1o
1o

ngl Jo (212)

In Eqn. (2.12)u is the displacement fieldi is the strestensorand Fvis the volume
forcevector As thae is zero prescribed velocity in theodel and no volume force
is presentEqgn. (2.12pecomedqgn. (2.13).

ngl 1 (213

2.2 Preliminary Numerical Analyses

In preliminary analysedijnite elementmodels for lireedistinct cases taken from
literature are built and the results are compared with outputs from their related
studiesas gpreparatory work for the TGM modelingjhese are analyticedodelling
studies of magma solidification in Yosemite National Park in Tuolumne Intrusive
SuiteUSA, Elbrus Greater Caucastiissiaand a casting process having similar

phenomenon with magma solidification.
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Unlike the referenced papers, temperature dependent features are used rather than
constant magma and rock properties, which enables exploring a more realistic
modellingstrategy and gain new insights into the problem domain. By integrating
these temperature dependent characteristics, it is aimed to enhance the model's
precisionand provide a more nuancedightof the underlying phenomen. These

cases andomparison®f the results are given in tialowing sectiors.

221 Yosemite National Park USA

Solidification process of a magma chamber in Yosemite National Padkimne,

USA is modelledwith the program HEAT by Glazner et aBl]. To use as a
preliminary methodology checkthis analysis is rebuilt by using COMSOL
Multiphysics with temperature dependent magma and host rock properties taken
from the literature for similar silicic magma types found in the regadpreliminary

and TGMstudies.

Thecomputationatlomainin the first preliminary analysis asimplified rectangular
magma geometrgurrounded by host rodkavinga width and depth of 60 km and
35 km respectivelyMagma hasthickness of 5 kipwidth of 20 km where its top is
positioned at a depth of 15 kirour points are included in the geometry to collect

temperature data as seen in Figu& 2.

YI P o ey }_

1 km . é
15 km . D
/ bmmmmmmes !
35 km 5 kal magma :
l:: __________ -
20 km
host rock
60 km

Figure2.2. Computational domain and data points
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Magma has an initial temperature of 980CHost rock is characterized by a
geothermal gradient & 0 A C i nperke deptiinitiadly wher e Eart hés st
i s 2a9IAEN. (2.14E ar t h 6 s idswalisénd loottom baundargrealso

assigned to the same temperature gradieattamindary conditiowith Eqn (214).

Outer boundaries are assigned to constant values by assuming a domain large enough

to fit in the general temperature pattern.
40 ¢mCM (2.14)

Magmain the referenced study silicic in compositionTherefore, magma and host

rock materiad aretaken as granite whose liguigkm is one of the most wellnown

silicate melts such that many of the historical buildings, monuments and sculptures
were built from its rock formd2]. Also, it maintains its mineral composition even
when exposed to high heat flux and temperatud@ [Therefore, it is the most
accessible and stable magma material by means of literature data and property. In
fact, granite also have subgroups as Remiremont granite, charcoal granite, Senones
granite etc. but they both have similar behaviors and caors&dered as a group.

Wang and Konietzky has compilated nine types of granite data and fitted the average
values B4]. To provide consistency of the properties of the material, many properties

are taken from this study.

Magmaand host rocks t her mal expansion coefficie

piecewise continuous function relation givarEqgn. (2.15)84].

PPN o podimpa ¢PPETYY 43 uxc
| 4 YPT’D uvd pomBIT@UL PPEXPRYy y 043 ¢ (215

v @ n°h @CuL 43 P
Magmaa n d h o sspecific bieatk( \@luesobtained via MELTS softwares
given with Egn. (2.16jand shows a tendency to increase up8A C whi ch i s
value close to the crystallization poif85]. Then, aturn occurs around the
crystallization temperature followed by a fall. This is explained by the transition of
linear to volumetric expansion at that poiBd]. After liquefying, it continuously

increases.
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Pe TP X opg op@ 4 h VLXOo4H prmmM (216)

Magmaods thermal conducti vijtendingtobehavgasi n t empe
an exponential polynomiddetween temperatureAG2and 1208 Gisgivenin Eqgn.
(2.17) [84):

Q4 DD C @Y T YBE WL TBITT G M) G (2.17)

Density of magma is taken asconstant value of 2645 kgfnn parallel with the
previous literature studies as it generally does not affect the results significantly but
results to a complex model when identified as a temperature dependent y&fgble
Same is appl i e dthefvalue oD2bis asssgoned a@sdas tha same
valug without significant temperature dependenceB7]. The latent heat
crystallization which is the amount of heat for the solidification of magma per unit
mass for silicate melts of granite ix14° J/kg [88]. Crystallization occurs at
temperatures betweén8 0 A1ICd 5[F43 A C

Host rockis also characterized by constant denségd Poisson's ratidor this

preliminary study The density of the host rodk assigneav al ue of ,2700 kg/ m
theaverage density @ranodiorite which is the host rodksed in the reference study

[66]. The temperature dependence of the Poisson'sfaatimost rockis alsovery

low and has been neglected, with the Poisson's ratio set at Bv&h for highly

dissimilar rocks, this value floats around 0.89][

This analysis encompasses the physics of heat trdoetfeeen host rock and magma
chambeand phase changémagmaEqn.(2.5) stands for this analysis as governing
equationwhich issolved with the finite element model. In ordewerify the reliability

of mesh discretization and make a time step optimization, mesh andstepe
independere studies are conducte@hreedistinct meshfrom coarse to refinedre
generatedRuns are held for a combination of 53898 4587 meshelements and
322, 7889timesteps for a time domain of 31566 which corresponds & years.
Data consistency is checked with temperature gahieTable 2.1 withpoints

mentioned irFigure 22 for their values at last time step® years
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Table2.1. Meshindependence study for 322 time steps

Point Elements (@IO‘S yea)rs) ChangeinT
570 614.88 -
A 3898 618.67 0.62%
4587 619.27 0.10%
570 660.06 -
B 3898 664.22 0.63%
4587 664.48 0.04%
570 545.19 -
C 3898 548.63 0.63%
4587 549.14 0.09%
570 678.11 -
D 3898 681.41 0.49%
4587 682.23 0.12%

It is obtained that the results are not influenced significantly after a refined mesh
having 4587 elements. Therefore, results are obtained with the refined mesh shown

in Figure2.3.

Figure2.3. Refined meslwith data points

To decide whether the time step used is sufficient or remsient solver iglso

computedhe resultsvith a step time 0127 yearscorresponding to 7889 time steps
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In Table 2.2, it is seen that usi8g2 time stepss precise enough as its influence on

the result is lower than 0.05%.

Table2.2. Timestep independence study for 4587 elements

. Number of Time T .
Point Steps (@10° yéars)) ChangeinT
A 322 619.27 -
7889 618.97 -0.05%
B 322 664.48 -
7889 664.15 -0.05%
c 322 549.14 -
7889 548.93 -0.04%
D 322 682.23 -
7889 681.95 -0.04%
2.2.2 Elbrus Greater Caucasus, Russia

Temperature profile of 8x1® yeass old dyke shaped silicic magma originated in
Elbrus Greater Caucasus, Rugsiabtained by Bindeman et @&nd n-situ images
were capturedoy SEM Method in University of Alberted{)]. Similar to the study
held in Section2.2.1., a 2D heat transfer model with phase change is built via

COMSOL Multiphysics with temperature dependent properties.

A computational domairwith 25 km depth and 2&km width has a dyke like
amorphousnagma accumulation in iMagma is located in a depth of 3 km to 24
km with maximum and minimum widths of 5 km and 3 km respectively. Magma
lacks a distinct shape as it is directly taken from the capture of @ustdrea Point

E and point F is located to measure theaatrdinate40,-6) and (3;13).
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Figure2.4. Computational domain and data points

At the upper surface of the studied rock domain, temperaltee of 100A ds
assigned as a constant boundary temperanhden increasing temperature gradient
of 20AC pefor the rostdaelp domaiis presentinitially. Magma
accumulation whose geometry is given in Fig@d has an initial internal
temper at ur e and bothl donEin boBdadese defined with the
boundarycondition given in Eqn. (29).

40 PpPTTC I (2.18)

All propertiesof magma and host rockentioned inSection2.2.1 arealsoused in
this model.In the same manner, as the scenario is the same but the geometry and
boundary conditions differ from the previous preliminary stuggn. (2.5) also

stands for this analysas governing equation

Mesh and time independence studies are held for three distinct mesh and two distinct
time stepsn Table 2.3 and Table 2.A combination 0810 1837 5382elements and
3787 541 timesteps for a time domain 6&1(® yearsis evaluated Precision is
checked with temperature valugla¢ end of the time domain, 6xXlears, from the

pointskE and F showim Figure 24.
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Table2.3. Meshindependence study for 3787 time steps

T ()

Point Elements (@6X10 years) ChangeinT
810 571.54 -
E 1837 569.07 -0.43%
5382 567.53 -0.27%
810 657.97 -
F 1837 660.07 0.32%
5382 660.9D 0.07%

Change in the results drops significantly after a mesh ha\883 elements when
the time step 1458 yearsHowever, refining the mesh at conduction boundaries still
affects the temperature valueam order of magnitude of 1.5 To get rid of any
inconsistencyresults are obtained with the refined mesh shown in FigGre 2.

Ya

X

AYAVAVS

A

\>

A7\
ZAYAS

N/
N

Figure2.5. Refined mesh with data points

To see whether a smaller number of time steps gives sufficient precision or not,
results with aaumber of time steps of 378re obtained. Given the significantly low
change in the results and considering computational costs and efforts in Table 2.4, it
is seen that using a time stepldD0 yeargorresponding to the number of time step

of 541is precise enough as its influence on the result is lower than 0.04%.
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Table2.4. Timestep independence study for 5382 elements

. Number of Time T( ) .
Point Steps (@6X10 years) ChangeinT
e 541 569.32 -
3787 569.07 0.04%
E 541 660.29 -
3787 660.07 0.03%

2.2.3 3D Casting Analysis

Casting can be evaluated simitarmagma chamber solidificati@s this process is

the solidification of molten metal potted ircavity inside pressed sanchichis just

like the magma solidifying in host rock Both processes have heat transfer, phase
change,thermal contractionand solid mechanics physics in ithe primary
distinction is that the geometries and time domains dealt with in geological scenarios
arein the order of kilometesrand years whetlose in castingre in millimetersaand
seconds Considering these two distinct occurrences from differentddiedf
specializationan analogy isbuilt with these two similar phenomena 3D model
coupling heat transfer and solid mechanics with temperature dependent pragperties
developedfrom an experimental casting scenario studied by Jin eB4dL This
scenario consists ofraelt beingpoured into a casting die and cooling cubeing
monitoling for 30 seconds with a DAQ system taking data from 4 thermocouples

located 0, 2, 4, fam away from z axigFigure 26 illustrates the process.

== F{[pac]

thermocouples

Figure2.6. Schematic of casting experiment with data points
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Computational domain consists otasting melpoured into a cavity sized 60m
X 60mm x 10mm as illustrated in Figure 2. The areasurrounding the moldith

casting sand 120 mm x 60 mm x 120 mm size

Y.z

60 mm

120 mm

,/6'0 mm

IOEm
A) mm

castipg sand

60 mm

Figure2.7. Computational domain

The melt is atl150 i nitially wheandi st h2e7 s uwirtohuonudti nan y
temperature gradientUpper surface of the casting sand is taken constant as 27

throughout the process and all other temperature values are defined to be initial
values.Thermal insulation is assigned to the bottom and side boundbipeer

surface is free surface andaundary loadf 5 MPa is exerted from all other side

boundarieof casting sandsimulating thepretension of casting sand apressure

exerted on the casting molthis valueand melt properties ataken from Tasaki et

al . 6s study whhe madistmeasurqu foeasi@main laving a similar

order of magnitude of dimensionf92]. Displacementand velocityfield for the

whole domain is zero initially.

The material of casting saiinot specified in the experimental study, but it is taken

as green sand which is a type of specially treatedrigbsure molding sand to use

in casting processes and defined with temperature dependent properties in
COMSOL 6 s mat @nthe ather hard lcastng meltasrhed by 5 element

alloy (zirconium, titanium, nickel, copper, berylliunis properties are tabulated in
Table 2.5.
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Table2.5. Properties of casting melt [84, 85]

Casting Melt Property Value
" [kg/m?] 7000
3 0.2
L [J/kd] 3.2 x16
c[J /! klg 771
Ter[ ] 987
k[W/ m] 29.93
Ul ] 4x10°
E[GP3 69

In all previouspreliminarymodels, heat transfer via conduction and phase change
occurs. Energy equations for those thermal processes are given in previous sections
with Egn. (21)-(2.5). Heat transfer module is built again by introduaiagting melt

as the phase change material but also coupled with solid mechanics with the addition
of thermal expansion different than the previous models. Transient system of
eqguations coupling conductive heat trandigm. (2.6)and elasticity equationgqgn.
(2.13)are solved.

In this instance, a model simulating this experiment is developed to ensure our

met hodol ogy and COMSOLG6s ability to incol
transfer. The outputs of this model are compared with real experimental data
measurements. Althigh the two dynamics involv@done from mechanical
engineering and the other from geoldggre different, the presence of similar

physics in both studies highlights the value of validating 3Becoupledmodel

against experimental data.
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Studies are held witthree different mesh for a time domain of 30 secdraia the
points given in Figure 2.Br mesh independence studemperatures taken atan
earliertime of 0.4 secondsTable 2.6 indicates th89352 elementare sufficient.
Refinement does not cause a significant change in the results but only increases

computation time and costhe mesh is presented in Figure 2.8.

Table2.6. Meshindependence study results for 30 time steps

Point Elements (T@0.4(s) ) ChangeinT
2630 1036.55 -
G 39352 1039.08 0.24%
130271 1039.31 0.02%
2630 1024.32 -
H 39352 1027.24 0.29%
130271 1027.56 0.03%
2630 1009.14 -
39352 1012.72 0.35%
130271 101300 0.03%
2630 973.87 -
J 39352 977.63 0.39%
130271 978.09 0.05%

Figure2.8. Mesh with 39352 elemengnd data points
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The model is run with the selected mesh configuration using three different time
steps.Time step independence studiiich is given in Table 2.7, svaluated based

on the temperature values obtained fitwra of the data points, G and H

Table2.7. Timestep independence study results for 39352 elements

Point Number of Time Steps (2@0_4( ) ChangeinT
10 1039.05 -
G 30 1039.08 0.00%
300 1039.08 0.00%
10 1027.04 -
H 30 1027.24 0.02%
300 1027.32 0.01%

As the cooling process takes place too rapidly in this scetatad time domain is

short Although it increaseshe significance ofine steps because of the
and concept,dGme sepanthd arderi of magrstude of seconds give
precise valuesin order toavoid inconsistencies caused by inadequate number of
computational steps, a time step of 1 secondesponding to a number of time steps

of 30is selected.

This model gvesinsights on building a 3D, coupled model of heat transfer and solid
mechanicsBased on the outpsiind insights obtained from thsodel, TGM, a3D,

coupledmodel forthe geological process of magma solidificatiordesseloped

2.3  Target Geological Model

In the previous section®D heat transfer modelksnd a 3D coupled modelre
developedo be comparetb datareferencedn the literatureand overlapping results
will be demonstrated in Section\&/ith this verified model framework, several cases
aregenerated to represent potential geological scenarios, and aspetjormed

by varying the geometrieandinitial conditions. All scenarios are studied as cases
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both by building a 3D model and a 2D model simulating the midplane section of the
3D model. By incorporating a range of parameter values, these models are aimed to
provide an analysis of the underground conditions, enhancing the accuracy and
relevance of he simulation results. Outputs for temperature profile and stress

distributions are generated for bathalysestheoutputresults are compared

In literature, many geological cases are simplified and studied with 2D models.
However, 2D modeling may not achieve the same level of accuracy as a 3D
approach, particularly in complex scenarios where the third dimension @aysa

role on the distribution of thermal properties and heat tran3tee. transition from

2D to 3D modeling is often necessary because 3D models better capture the
complexities of spatial variations and boundary conditions, which are crucial in
predicting temperature fields ahdat flux in realworld applicationsOr, contrarily,

3D approach may not always justify the additional computational effort, as the
improvements in accuracy might not be significant enough to extend the simulation
time. When thealistinction between the 2D and 3D modasuls is minimal, 2D
approach might be a more practical choice for scenarios where the added complexity
and time required for 3D simulations do not provide a significant benefit. To see if
there is a massiveontrastbetween the results ef 3D model and 2D model of the
same problemtwo models araleveloped with temperature dependent properties,
along with the inclusion of additional physics salid mechanics, therefore more
accurately simulating the relfle underground conditionsScenario of the

geological case to be studied is explained in the followetgion

2.3.1 Computational Domain

The scenario to be analyzed is a host rock domain having three magma chambers in
it. The settlement deptleg chambersare examined id2 distinctcasedor different

depth and initial magma temperatur€onfiguration of magma chambers are
changed to examine different cases but the host rock remains unchanged.
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23.1.1

Three-DimensionalDomain

Three dimensional analysis domain consists of a block of host rock with dimensions

of 80 km width, 30 km lengt/80 km depth and three magma chambers in it. Magma
chamber geometrieme 30x5x5 km, 20x3x3 knbx1x1 km ellipsoidalformations
filled with magmaThey are taken as ellipsoidal because it is a typical geoinattny
used widely in the literaturagnd also monitored in field observatipesabling it to
simulate real condition®,94]. However, it should be noted that consideration of a
different g@metryasa dyke like vertical ellipsoidal surely leads to a significantly

different stress concentrati®fb2] . Foghire 29.h e

LMC
Rx=30km
Ry=5 km
Rz=5km

Trmc , dime

KI'lustration

MMC
Rx=20 km
Ry=3k11’1
Rz=3 km

Tamc , dvvc

YWix

30 km

SMC
Rx=5 km
Ry= 5 km
R=1km

Tsme , dsme

80 km

Figure2.9. 3D computational crustomain

Large magma chamber (LMCis the biggest chamber having 30x5%#n
dimensionsmiddle magma chamber (MM@) the one with 20x3x8m andsmall
magma chamber (SMG3 the smallest one with 5x1x1 km sifuns are heldor

different magma chamber settlement depth8 km, 8 km and 12 krhecausé both

30 km

d o ma

affecs the cooling process and mechanical stress locations as mentioned in

Gudmundssonos

2t Depth oichambers areideérnotedswitHldvIC,
MMC and SMChave depths ofighc, dumc and Guc respectively.
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Host rock domaimas6 different layers havingdifferentY o u nrgodususvaluesin

order to simulate the real case in naturethe real natural caséemperature
increases with deptf®5 and each subsurface layer has differstitnessvalues
according to their compositiof26,96]. Both for simulating real case and see the
ef fect omoduNsin & gatiesnk: of layers aregiven as a synthesis of
literature data.This pattern is formed by considering the Mount Rogers area,
Virginia, USA becausenany detailed properties have been studied for this volcanic
area having silicic magma, enabling to synthesize the info cited from Radford
Universityods geol ogyangdBrovme[97®9. dll ttetayedsi es o f
in the regionare determinedby matching the properties of rocksund in the
literature. For the 3D modelpht rock geometry is defined &dayers having the
properties given inTable 2.8. Each layer is defined as# because the property

varying significantlyistheY o u nrgodusus.

Table2.8. Hostrock layers and properties

: E Depth ”
Rock Type Explanation Layer [GPa]  [km] kg/m?]
Unicoi Sandstonand shale
Formation  [88, 97,98 100 EL 18 05 2349
Konnarock Conglometare,
) diamicite and E2 30 1.1 2349
Formation

sandstong97, 99, 10]]
Upper Part of

Mount Rogers  Tuff and rhyolite
Formation [97, 10]] E3 35 1.8 2600
Lower Part of

Mount Rogers  Rhyolite[97, 10]] E4 50 1.2 2800
Formation

Cranberry  Marble, granitic gnes E5 40 1.4 2800

Gneiss [97]
Lower crustal Galoro, d!onte, E6 80 24 3200
rocks granulite
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For all other host rock and magma properties, valueSetion2.2.1 are used.
Youngds modul us o farerffotmecessary ddhelpreviousdtudies g ma
because thghysics used in them is only heat transféor the coupled model,
temperature dependegtvalue for magma is used.

MagmaY o u nrgoduus tends to decrease as temperature increases and identified
as an interval function for granite as givereqn. (219) [102. At the point it rapidly
decreases, it is understood that microcracking changing the inner structure, causing
new spaces reducing the thermal expansion.

; O 8 8 ™
%4 oﬁrglmcp(ptp Q - Vh m 43 QT (2.19)
owy prm@vo pR®TIKI4 h enmds pgu-’

2.3.1.2 Two-DimensionalDomain

2D domainis thex-y cross section of the 3D domagassing from theentes of the
chambes. It is again formed by host rock with dimensions86fkm width, 30 km
length having 6different layers anthree magma chambers. Magma chambes
thesame as in 3D analysisnly having 2Dellipsegeometries 080x5 km, 20x3 km,
5x1 km.All properties aréhesame as used in the 3D analysis. 2D domain is given
in Figure 210.

SMC

LMC Rx=5km
Rx=30km | Ry=1 km
Ry=35km Tsmc , dsmc
Time , dime E6 == 1|30 1m

ST

MMC
Rx =20 km
Ry =3 km

Tamc , dmmvc

80 km

Figure2.10. 2D computational crust domain
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For both model setug, heat transfer physics is coupled with solid mechanics via
thermal expansion. Related governing equations are Eqn. (2.6) and Eqn. (2.13) which

are derived and indicated in Section 2.1.

2.3.2 Initial and Boundary Conditions

For heat transfer modyleemperature othed o ma upped surface corresponding
t o Ear t h éestothewconstamtovalue s CAs in Egn. (2.20),mincreasing
temperature gradieotf 2 5 AC p is assigned tocsidepandrottom waltsa
boundary conditiomndto all the host rock layers as an initial condition

40 pL W (2.20)

Magma chamber internal temperasiageone of the controlled variables arefer
directly to the initial temperature of magma. Internal temperature of magma chamber
is defined as an initial condition dweat transfemodule a0 0 A8C 0 A C 90a0nAdC
according to the case application. Initial internal temperature values of magma

chambers are denoted by, Tmmc, Tsmc for LMC, MMC and SMCrespectively.

In solid mechanics module, bottoamd lateral boundariesf the domairarefixed

with a prescribed velocity of zerMagma excess pressure:)(Which is the load
applied on chamber boundaries by magsrmgiven asan initial pressure & MPaas

in Figure 2.11because this value corresponds to the in situ inner chamber pressure

and a sufficient value to illustrate the effects without dominating the re8@jts [

¥ x Free Surface

Fixed Fixed

Fixed
Fixed

Fixed

Figure2.11. Boundary conditions of the 3D and 2D domains
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Although topography may affect near stress fields closer to surfattes asnis to

make a comparison on the 2D and 3D model outputs of thermally induced
mechanical effects around chambers elevated differently and at different
temperatures inlargedomain, topography effects are considered negligible and left
as a further study. Therefore, top of

principal stress plane taken as a flat and free supPife

Regional extensions and compressions lead by the tectonic plate displacements
effect the stresses around magma chamf@8k For instance, a tectonic layer
displaces 20mm per year where the other might remain constant or this displacement
can also be relative. The difference caused by the unequal motion cause stresses
between layers. In this studys the mairaim is seeing the differences between 2D
and 3D anal yraatverotianie Studiedt Thereforephost rock domain

is not subjected t@ny external loadings

2.3.3 Numerical Study Matrix

Themagma chambedsettlement depths are examine@® uiifferentvaluesas 3 km,

8 km and 12 km b e lSonmarly imtial inferaal tenfpératussfu r f ac e .

chambersirealsospecifiedas700A G380 0 A C 90a0nAd@urn. Chamber depthand
temperaturesary according to cases in order seethe effectof these parameters
on host rock These ases are named with respect testhearious settlement depth
and initial internal temperatuvalues. Codindor defining the casis given in Figure

2.12 and examples are given in Figure2.1

e —D_d1-d2-d3, T T1-T2-T3—— Teopee

depth / / \ \
Stands for
Depth of temperature

LMC Depth of  Depth of Temperature Temperature
MMC SMC of LMC of MMC

Figure2.12. Coding ofcases
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vy 7 4 7
Wix y=-3km "L

y=-8 km

y=-12km
L ame=000°C y=-12 km AN == Tsuk=900°(,
d“'f >3 km Tymc=900°C | dymc=|8 km ; : 3 C=//Iikm
Trme=900°C
divc= 12 km dvmc= 12km
D 12-8-3,T 9-9-9 D 12-12-12,T 9-9-9

Figure2.13. Variousconfigurations with case codes
2.3.4 Mesh and Time IndependenceStudy

The FEM models including 2D and 3D approaches, maishretizationnumerical
computations and computational optimizationsare held with COMSOL
Multiphysic€ version 6.1[78]. Heattransfer andsolid mechanics modules are

coupled with thermal expansion and phase change physigltaphysics study.

To check whether the mesh or time step gives precise data, temperature value at the
centerof LMC (Point Xin 2D and Point Y in 3[is tracked for both 2D and 3D
models.Mesh independence study is held for the gedesatf case D3-3-3, T_9

9-9.

23411 2D

Four different meshs for a time domain of15x1¢ Gs which corresponds
approximatelyto 4.75x1° yearsis analyzed Dynamic changes at the boundary of
LMC occurs before its total solidification, which correspond=t.®ox10° years
Therefore, for mesh independence study, temperature dakersat an earlier time
of 4x10* years Table 2.9 indicates that mesh havirgp83elements is fine enough

to get precise data. Selected mesh is given in Figude 2.1

40



Table2.9. Meshindependence study results for 800 time steps

. T () .
Point Elements (@4x10 years) ChangeinT
4266 888.84 -
X 22396 889.11 0.03%
49953 889.27 0.02%
298741 889.45 0.02%

Figure2.14. Refined meshvith data point

Themesh includes a maximum element size of 0.5 km at the outer host rock domain
boundaries and a minimum size of 0.t at chamber boundaries, enabling more
accurate calculations at the conduction interfaces. The mesh having higher number
of elements has the size of 0.0k#% at outer host rock domain boundaries and it is
evident that mesh refinement in those areas does not specifically affect the output
while increasing computation cobor finding the optimum time step, computations

are held forthree different time steps @0, 100 and 1000 yearsfor a total time
domain of4.75x16 years
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Table2.10. Timestep independence study results for 44696 elements

T ()

Point  Number of Time Steps (@4x10 years) Changein T
150 889.44 -
X 1500 889.27 -0.02%
15000 889.44 0.02%

Table 2.10 clearly indicates that using the time stef®0fyearswhich corresponds
to 1500time steps is fully adequat€omputation time for the selected mesh and
time step is a maximum of two hours witiLH8GB DDR4 RAM.

23.4.1.2 3D

Mesh independence study is held fiour different mesh configuratiorfer the 3D

model Because the domain is huge and the coupled solution have complexities,
computation time becomes extensively high as the number of elements increase.
Therefore, greater number ofmesh configurations are observed to save
computational time. All 3D analyses are held with a time stedQff years
corresponds to a number 800 time steps and temperature data is takexaf*"
yearfrom the center o£MC, point Y, as in the 2D analysigiime independence
study is not held for 3nodelsince it has already de for the same scenario at 2D

analyses.

Table2.11. Meshindependence study results for 800 time steps

, T () :
Point Elements (@4x10 years) ChangeinT
16,402 903.45 -
v 37,691 888.5 1.65%
132,904 883.78 0.53%
575,511 882.07 0.19%
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Table 2.11 shows that, whdngh computational time and the deviationstire
results are considered, a mesh vi#2904elements is precise enoudts in the2D
study,finer meshesreimplemented near the magma chamber, where the gradients
are higher, while coarser elemeateused away from the magma chami&re of

the elements arekm at outer host rock domain boundaries and Rmi &t chamber
boundariesComputation time for the selected mesh and time step is a maximum of
1.5 day with a 16GB DDR4 RAM.
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Figure2.15. Refined mesh with data point
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CHAPTER 3

RESULTS AND DISCUSSION

Finite element model outputs, magma solidification process, time and stress

distributions are given in thieectionwith FEM analyses results.

3.1 Preliminary Analyses Results

For magma to totally solidify and become rock structure, high amount of time with

a rank othousand®f years is a likely result for both cas@%e results obtaineare
consistent with the existing literatudatg which reinforces the reliability of the
newly developednodek. However, it is important to note that all thesedies are
modelbased, and as such, their accuracy cannot be fully guaranteed. The inherent
limitations of modebased approaches mean that while our findings align with
previous results, the ultimate validation of these models remains an ongoing

challerge.

311 Yosemite National Park USA

Results are obtained for 890 Gs whicltorresponds taboutl(® years Glazner et

a | papes has the output for temperature of fdatapoints through the total time
domain[81]. Temperaturgrofiles obtained from the 2D FEM modal this study

are plotted in Figure 3.1 for points A, B, C, D which are shown in FigurteTB2
general pattern fits and gives the same results withdfegenced studwith a
maximum errorof 6.25%. It can be explained with the temperature dependent

properties exerted ithe newly developenhodel.
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Figure3.1. Temperature profiles

Temperature distribution at the endl1@f years is givenin Figure3.2 showingthat
magmamostly crystallizedas the maximum temperature value is lower than the
temperaturewhich magma starts crystallizing (680, but higher than the total
solidification temperature (573). Therefore the solidification time for this

scenario igreater tharl0° yearsand steady state has not yet been reached.

Y

T(°C)
600

500
400
300
200
100

20

Figure3.2. Temperaturelistribution atL(® year
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3.1.2 Elbrus Greater Caucasus, Russia

In scope of this scenariayns are helébr a time domain o6x1® years Temperature

datais givenin Figure 3.3or pointsk and F shown in Figure 3.4

950

T T T T T T T

Point E‘
Point F

550 +———————————————————
o 1 2 3 4 5 6

Time (in 10° years)

Figure3.3. Temperature profie

Temperature change with time for points E and F are outp@tadingwith a rapid
temperature drop because of being close to the-bglidl interface, point F fits to

the temperature value aroued5 0 AC. Conversely, point E p
for a significant initial time period becauseastsurrounded by a largeody of high
temperaturemagma. However, as the surrounding magma cooled and solidified,
Point E gradually approached the sdiglid interface, eventually lying directly on

it. Finally, due to the relatively low temperature of the host rock domain, the
temperature at Point E ¢oped below theghase changéemperature, leading to
complete solidificationAfter 6x10° years,temperature distribution of the domain
obtained for the end of this time domavhich enables us to make comigan with

the literature dates given inFigure 3.4
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Figure3.4. Temperature distributions at 60" year for (a) the model referenced

in Glaznerds study [81] and (b) developed m

It can clearly be seen that the magma is still not solidified completely but started to
crystallize from outer boundariess the host rock has a temperature gradient
increasing with deptrsignificantsolidification and cooling of magma at thpper

partof thechamber domain is observed.

Temperature distribution at FiguB4 fits with the distribution data outputted in
Bi ndeman et al . 06 s9l]snablidgythe prelimihanyenodelitotbe r at ur e |

verified by means of heat transfer and material properties and model methodology.

3.1.3 3D Casting Analysis

Casting experiment i m2gvestempadtueerndputsferd Ji nds
4 points taken with thermocouples for the whidhee domain. For the validatioof

the 3D coupledthermomechanical model, outputlues of the model and the

literature data are comparetemperature profiethrough the time domain can be

seen in Figur&.5.
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Figure3.5. Temperature profiles

Temperature distributions over time fit to the profile in the referenced paper with a
maximumerror 0f22% occurring at thdeginningof the time period0-3 seconds)

at point J It is assumed that this error is caused because of the unclear material
properties of the melt and sand around mdhdthe experiment, initial cooling
process occurs too rapidlynight be caused because of the higher thermal
conductivity value in the real experiment caused by alloy difference. End of the
process overlaps with thmodel output, as process is dominated by phase change,
rather than heat transfer between the mold and casting sand.

3.2  Target Geological ModelResults

From previous discussiorend preliminary modejsan exponentially decreasing
temperature profiles expectedfor the regionsin magmachambers Stressesare
expected to concentrate aroundnagma chamberstherefore highest stress

concentratioa are supposed to lm@oundthem As the shape of magma chambers
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areellipsoidaland have edge like geometries at the lateral sixisss areas aligely
to occur at those lateral edges as indicateseictionl.1. All the results of thermal

and solid mechanics are indicated in this section.

3.2.1 Solidification and Temperature Distributions

This section discusses the solidification process and temperature distributions
observed within the magma chambers, highlighting key findings from the
simulations The computationsre conducted forl5x1¢" Gs, which corresponds
approximatelyto 4.751C° years.The systemreachesthermal equilibriumin a
maximum of5x1(P yearsfor all casesut the change in the system becomes too
slight after4.5x10° yearsfor 2D and 1P years for 3D The entire time domain up

to the steady state has been analyZednperature profiles for all cases through the
whole time domairand for the center point of chambesktained from the 2D

analysesre given irFigures 3.63.17.
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Figure3.6. Temperaturgrofile - D_3-3-3, T_77-7 (2D)
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Figure3.7. Temperaturgorofile - D_3-3-3, T_8-8-8 (2D)
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Figure3.8. Temperature profileD_3-3-3, T_9-9-9 (2D)
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Figure3.9. Temperature profileD_8-8-8, T_7-7-7 (2D)
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Figure3.10. Temperature profileD_8-8-8, T_8-8-8 (2D)
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Figure3.11. Temperature profileD_12-12-12, T_9-9-9 (2D)
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Figure3.12. Temperature profileD_3-3-3, T_78-9 (2D)
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Figure3.13. Temperature profileD_8-8-8, T_7-8-9 (2D)
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Figure3.14. Temperature profileD_3-8-12, T_7-7-7 (2D)
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Figure3.15. Temperaturerofile - D_3-8-12, T 9-9-9 (2D)
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Figure3.16. Temperaturerofile - D_12-8-3, T_99-9 (2D)

55




900

T
00°C L.
AT

200 hm| <mmE>—_gypq  —— LMC
12km #—————————';E[F)E MMC
700 ——sMC |

600 -
S 500
= 400
300
200

100 A
0 +——— T T T i T ' !

Time (in 108 years)

Figure3.17. Temperaturgrofile - D_3-8-12, T 7-8-9 (2D)

As anticipated, wheall magma chambemre locatedn the deepst coordinatdike

in case D_122-12,T 99-9, the elevated host rock temperatures at these depths
result in extended cooling durations and a longer time to mtaally statsuch that

the total time domain of 5 million yeaisnot sufficient for this case to reach steady
state.LMC, which has the largest volume of phase change material, upke2.5
times longerto coolwhen it is atl2 kmdepth compared to the cases it settles at 3
km. WhereasSMC, which haghe smallest volume can cool rapidlgven at 1Xm
depth the cooling rate difference is only 32% Case D_38-12, T_99-9, despite
SMC being at the greatest depth and therefore in the hottest regisrihd first
chamber to cool dowrThroughout the entire time domain, the temperature profile
reflects very simple heat transfer physiecgithe findings are consistent with prior
predictions, with no unexpected variatioRer a more detailed examinatitine total

time required for complete solidification is provided for each of the three studied

magma chambers
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Table3.1. Solidificationtimes (yeard in 2D model

2D LMC MMC SMC
D_333, T_F7-7 169403 84027 8955
D_33-3, T_88-8 233076 126221 14094
D_33-3, T_99-9 285541 162048 19405
D_888, T_F7-7 249806 87771 9587
D_88-8, T_88-8 417342 147425 15869
D_1212-12, T_99-9 670920 242907 25694
D_33-3,T_7-89 166120 126289 19414
D_88-8, T_*%89 258631 156931 23961
D_38-12, T_#7-7 166395 87379 10893
D_38-12, T_99-9 286508 208050 25732
D_12-8-3, T_99-9 671258 208879 18584
D_38-12, T_#8-9 166123 148027 25192

Upon examining Table 3.1, varying cooling rates and patterns are obtained based on
different size,depth and initial temperature valuesmagma chamberdhe first
noticeable aspect that all magma chambers solidifies before millionyear time

period even at the greatest deptid temperaturdt is because all chambers are
surrounded by host rock having temperature lower than the phase change
temperature, enabling the steady state to be completely solid matesialienat
deepestoordinateand with highest initial temperature valease D_38-12, T 7

8-9, SMC solidifesearlier tharthe others.Since it is the smallest volume that will
undergo a phase chanigs rapid cooling is an expected outpMhen all chambers

are at the same deptBMC solidifies around 10 times earlies thsiMC and 15 to

20 times earlier thabMC. Those ratios decrease to 5.5 and 6.6 VM is at 12

km, surrounded by high temperature host rock domain and have greater initial

temperature than the othdrambers.
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Meanwhile,cooling profileof LMC is mainly controlled by depthVhenLMC is at

the greatest depth, the effect of depth on its solidification time is much more
significant compared to the changes in cooling rate ratios of the other chambers. For
instance, in the comparison between the B3-3 T_77-7 case and the D-88,
T_7-7-7 case, the solidification time @MC shows48% increasenvherethis value

is 5% and 7% foother chambersThis is due to the fact that, LMC, the ratio of

the heat transfer interface to the liquid material is lower compared to the other
chambersLMC, the largest phase change bpdlyvayssolidifessignificantly later

than othersbut solidifies rapidlyi f it is |l ocated <cThese to the
underlying cause of this the thermal gradient present in the host rock domain
Cooling at the deep regions occurs slowly due to the high temperature of the
surrounding area caused by increasing tempergtadient.

On the other hand, increase in the magmadial temperatureinfluences the
solidification time; however, this effect is linear and does not exhibit the same ratios
as those observed with changes in depth. For example, at the same degtimia
increasan temperatureesults in a corresponding enait increasen cooling time.

It occurs because the host rock maintains similar properties at the same depth, while
as depth increases, factors such as heat transfer coefficient and thermal conductivity
change, leading to more complex effects on the coolingTateum up, change in

initial magma temperaturgelays the total solidification time bdbesnot strongly

affects it. Therefore,depth of magma chambeagssthe dominating decision making
parameterather than the magma internal temperatiheis far, the comments have
pertained @ the 2D simulations; for the sake of comparidéigures 3.183.29and

Table 3.2includes interpretations of the 3D model as well
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Time (in 10° years)

60




200 - —— LMC
8km
depth |~ ggoeC 800°C 800°C MMC
— SMC
100 -
0 4+———— T y T T T T T
0 1 2 3 4

Time (in 10° years)

Figure3.22. Temperature profileD_8-8-8, T_8-8-8 (3D)
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Figure3.23. Temperature profileD_12-12-12, T 9-9-9 (3D)
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Figure3.25. Temperature profileD_8-8-8, T_7-8-9 (3D)
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Figure3.26. Temperature profileD_3-8-12, T_7-7-7 (3D)
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Figure3.27. Temperature profileD_3-8-12, T 9-9-9 (3D)
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Figure3.29. Temperature profileD_3-8-12, T _7-8-9 (3D)
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In all cases of the 2D and 3D simulations, the oveeatiperature patterns behave
similarly but up to 3 timedaster cooling occurs in the 3D mod&he underlying

cause of thiss in 3D models, theres dimensioning in an additional geometry axis,
enabling to assign a more rounded and compact geometric shape. This leads to
greaterconduction interfacallowing heat to dissipate more rapidly. Additionally,

heat transfeis more efficient in 3D models because the heat can spread in all three
dimensions, allowing for more rapid cooling compared to the 2D madteke heat
transfer is confined to a single plane.

Table3.2. Solidificationtimes (years)in 3D model

3D LMC MMC SMC
D 333, T #7-7 120297 46195 4604
D 333, T 888 166084 64209 6557
D _333,T_999 195208 80096 8067
D 888, T 77-7 125598 44928 4320
D 888, T 888 180364 62940 6608
D 121212, T_99-9 294616 106989 10802
D 333, T 789 120141 65653 8060
D 888, T 789 145446 62869 7836
D 3812, T 77-7 102682 44843 5293
D 3812, T 999 162489 76566 9852
D 1283, T_99-9 276923 78000 6603
D 3812, T 789 102683 63489 9881

2D and 3D analyses shaimilar behaviors by means of solidification sequence but
significantlydifferentvaluesregardingsolidification time.In the 3D model, the time
required for cooling is lower than in the 2D model, with a difference in magnitude
ranging from 14 to 3. The average increase in cooling rates are 178% N,
220% forMMC and 242% foiISMC. Reduction in time is notompletelyparallel

with the solidificationpatternin 2D. For instance, increase in the solidification rate
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of SMCin the 3D modeling approacdh greater than the other chambsush that it
shows up to 305% increase where this value is a maximum of 227%{orand
271% forMMC. This is because of the increased conduction surfaceirarga
configuration;the heat transfer interface shifts to the surface area of the ellipsoidal,
rather than the upper and lower boundaries in Piis ratio affecting the heat
transfer rate is tabulated for all chambers and cases in TabléacBlations are
held by assuming thenit thickness of the 2D domain as 1 km, which is the assigned

value in the model.

Table3.3. Surfacearea to volume ratio

LMC MMC SMC LMC MMC SMC
(2D) (2D) (2D) (3D) (3D) (3D)
SAV 0.53 0.88 2.68 1.05 0.96 4.77

MMC has a flatter shape in the glane, which allows its 2D and 3B A : Vodbse
similar. In straightforward cases like_3-3-3, T_99-9, the deviation between 2D
and 3D analyses is in the order of magnitude of 1Zard3 times forLMC, 2 and

3 respectivelySMCis the most deviated in all cases due to its &igtV. Although

the heat transfer interface lo¥IC increases with the addition of the third dimension
in the 3D model, leading to a fivefold increase in its\5Athe amount of phase
change material remains the dominant fafborsolidification Therefore, theatio
between 2D and 3D isoresignificant in smaller magma chamberowever as

the cooling time foLMC is high, even when the ratio between 3D and 2D is small,
the deviation becomes significant at the order of magnitude of 45 years minimum.

3.2.2 Stress Distributions

The von Misestsessdataarecollected frommidlines of the chambers for ye&®@
1.6x10% 16x10¢, 32x1¢, 5x1C° and %10°. The reason for selecting these tisteps

is to analyze the stress variations and their effects during the following four
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conditions: & directly after initialtime (60" year) while heat transfer occurs at a
certain level and phase change is onggihgx10" and 1.6x18" year) when the

phase change is compldteut heat transfer is still occurrirfd).6x16", 32x1d™" and
5x10P"year) aad when heat transfer has ceased and steady state has beeth reache

(5x1CP™"year) Graphsare drawrfor all cases in 2D and 3D

In reatworld circumstances, the type of stress to be analyzed is determined by the
specific characteristics of the field under study. As outlined in Section 1, if the
external loading conditions indicate that shear stress leads to fractures, von Mises
stress should bine subject of the analysis. Conversely, if fractures are induced by
tensile loads resulting in cracks, the maximum tensile principal stress should be
analyzed. In this study, a shear strdeminated field was assumed, therefore, von
Mises stress resultahich effectively represent shear stress in geological contexts,

were computed and evaluated.

The temperature resultsere analyzed in two subgroups: 2D and 3D, as both
simulations applied simple heat transfer physics, making them consistent within
themselves but yielding different outcomes between the two. This time,-a8ycase
case comparisois made between the 2D and 3D results, asstiiel mechanics
outcomes are temperatureluced and too complex to interpret collectively
obtainstresseslefined as midline stresses, horizontal midlipassing through the
center of each chambarecreatedn the xy plane. The von Mises dasdhen taken
along these lines (i.e., along theaordinate) Before presenting the stress graphs
visualresultsfor case D_33-3, T_7-7-7 obtained from both 2D and 3D models
provided in Figure3.30-3.33 to facilitate easier interpretation of tgeneral stress

distributiongrapls and b provide an example of study findings
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Figure3.30. Stress distributionsD_3-3-3, T_88-8 (2D)

As observed in Figure 30 and 3.3lhighest stress concentrations appear around the
fluid region. As magma solidifies and the sclidid interface moves towasthe
center of the magma chamber, stresses continue to surround the liquid Tégion.
reasonof high stressedeing observed around the liquickgion is the thermal

gradient which induces expansion that differs between the host rock and the magma.

Hostrock layerswith ar ger Y o u argsilgectedaocigHenstsess than the

less stiffones.This distribution can be clearly seen from the difference between the
layers.For instance, the deepest host rock layribits higher stress concentrations

due toits greater stiffness, which leads to a higher resistance to strain under applied
loads. This mechanical contrast results in uneven stress distribution, with stiffer
layers absorbing more stress compared to less stiff disethe side domains are

fixed, even at steady state, stress concentrates at those regions. Because the upper

surface is free, no stresses appear there at steady state.
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Figure3.31. Stresglistributionsin x-y plane- D_3-3-3, T_88-8 (3D)

Stresgconcentration in therder of magnitude of 400MPa occatthe phase change
interface, with both magnitude and concentration being higher in the 2D model. This
could be due to the reduced geometric complexity in 2D, which amplifies stress
accumulation by neglecting cof-plane stress redistributio@nce solidification is
complete and only solidolid heat transfer occurs, stress values decrease, though a
clear pattern remains, indicating regions with temperature gradients. Upon reaching
a steady state, stress levels furtthecrease, and no additional stress induced by the



magma is observeistribution from they-z plane is also given to investigate the
effect of magma chambers on Earthdéds surface

16000" year

- y=0km
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32000" year 160000 year
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e — S ————— |
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Figure3.32. Stress distributions ip-z plane- D_3-3-3, T_88-8 (3D)

As observed in the distribution on the plane, magma chambers located at a depth
of 3 km exert a significant stress effect on the surfabe.maximum obtainedon
Mises stressalue isat the projedon of LMC, with a magnitude a800 MPa This
valueis 4 to 5 times highielativeto realworld conditions, where the likelihood of
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such a large magma chamber being located so close to the surface is very low. While
the calculated stress values are generally much higher than those expected in real
scenarios, it isapparentthat magma chambers influence surface stresses.
Distribution from thex-z plane is also giveim Figure 3.33 as a top viesw comment

on the stress distribution on lateral section.
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Figure3.33. Stress distributions ir-z plane- D_3-3-3, T_88-8 (3D)

The crosssectional images on thez plane clearly illustrate how stress intensity
becomes concentrated at the interface between the remaining magma and the host
rock as solidification progresses. Additionally, an examination of the sections
reveals stress concentrations in regions thatrbeggstallizing earlierIn light of

this information, the subsequent stress distribution graphs are analyzed.
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Figure3.34. Von mises stress on midline8km) - D_3-3-3, T_77-7 (2D)
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Figure3.35. Von mises stress on midline8(km)- D _3-3-3, T_77-7 (3D)
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In Figure 3.34-3.35, unsolidified portion of magma for LMC at related year is
illustrated by ellipsoidal visuals in order to clarify the explanatiortse first
noticeable features that, at each stage, the stresses in the 3D modeivaeewith

an average of 33%ompared to those in the 2D modeéason of thiss the stresses
distributed over a larger area in 3D model. In the 2D modektthsses around the
magma chamber are concentrated in a specific plane, leading to sharper, localized
stresses. However, in the 3D model, stresses are spread out in three dimensions,

which results in a more homogeneous distribution of stress.

Whenthermal effect®n stress distributiorsre consideredys also indicated in the
previous section, temperature change occurs more rapitig 8D modetesulting

in faster and more homogeneous heat distribution, which reduces temperature
gradientsLower temperature differencdsad to lower thermal stresses, as thermal

expansiorinduced stresses are lower when temperature differences are smaller.

Magnitudes and patterns of stresses aratM@ andMMC are similar in60" year
and16000" year because they are both times of early phases of heat tr&asfer.
phasestresses are higis a result of the great temperature gradient presence between
magma and host rock domain. FBMC, at 60" and 16000" year, there are
significantdifferences between 2D and 3D grap¥sere the patterns for LMC and
MMC remains similarThe reason for this is th&MWC's solidification is complete

in both the 2D and 3D models, but in the 2D case, solidification takes longer, leading
to continued intense heat msfer and consequently higher stresael6000" year

In contrast, in the 3D model, solidification is completed much earlier, resulting in
reduced thermal gradients and stabilized heat flowjrigdd lower thermal effects

at thattime step At 16000" year,stresses insideMC of the 2D model reach their
highest valugs450MPaon the graph. This is due mostpart of themagmabeing
already solidified, while phase change is still occurring in the central regitin
169403 year The high thermal gradient in this area causes significant expansion,
resulting in intensetress The reason we do not observe this in the 3D model during
the same time period is that solidification has already been completed, cooling has

progressed, and thermal gradients have decreased. In the last two time steps, stresses
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drop to their lowest values as the system approaches steady state, with thermal effects

having diminished significantly

Especially for MMC and SMC, there are abnormal fluctuatiahsarlier time
domainsThese maype due to the combined effect of phase change and heat transfer,
leading to a more complegrystalmaterial behavior in this regicand time Other

than theerratic trendcaused by material inconsistency, to get ridtbé unstable
profiles mesh refinementis magma domaican be made by equating one element
size to a typical crystal size. Asissize is in the order of magnitude of micrometers,

this will leadto huge number of mesh elements and a high computational cost.

Stress values exceed 50MRhich is a typical host rock ultimate strendtbth in

2D and 3D inside and at the boundary of the chambers. As stresses of such
magnitudes are too high, whether the thermal expansion effects of those chambers
are too effective, or a viscoelastic buffer region for the interface between magma and

hostrock should be considered to be added to the model to act as a damping region.
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Figure3.36. Von mises stress on midline8(km) - D_3-3-3, T_8-8-8 (2D)
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Figure3.37. Von mises stress on midline8(km) - D_3-3-3, T_88-8 (3D)

When the analysis is conducted for gwmeconfiguration with a magmanitial
temperature of 800AC, ia2Dytmtrwth higgenstrdssar pat
valuesand lagged profileThe formation of higher stresses is due to the increased
thermal expansion caused by a higher temperature gratidrthe delay after the

early phase is because of later solidification tinhe8D graph, there are abnormal
fluctuations inside the magma chamber at year 160000 caused by the ongoing
crystallization procesat this time periodAs observed in the previous configuration,

D_33-3; T_77-7 given in Figure 3.38.35,the highest stresses are found.MC

during the phase change process. The rise in stresses observed in the 3D model at

the 16@00" year is attributed to a delayed solidification process, which occurs later

than in the previous case, due to the increase in the initial magma temperature.
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Figure3.38. Von mises stress on midline8km) - D_3-3-3, T_9-9-9 (2D)

Figure3.39. Von mises stress on midline8(km) - D_3-3-3, T_99-9 (3D)
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