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Zusammenfassung

Zusammenfassung

Derweitausgrof3te Teil der vulkanischen Aktivitat der Erde findet entlagxgsd.000 km langemittel-
ozeanischeRucken statt, wo Magma aus dem iGeathtelaufsteigt und neue ozeanische Kruste bildet.
Die Kruste wird durcheine hydrothermaleFluidzirkulation abgekihlt, die Metalle aus den Krusten
gesteinen I&t und sie zum Meeresboden tragt, wo vulkanogene Massivsalfithis zu 400 °C heil3en
Austrittsstelen gebildet werdenAusstrémende Spurenelemente beeinflussen die biogeochemischen
Ozeankreislaufe im globalen Maf3stab und diingen im Falle von Eisen den Azesgittelozeanischen
Ruckensind die inneren Prozessgdrothermaler Systeme schwer zugéngl&e missnindirektdurch
geophysikalisch#&lessungergurchpetrologisché\nalysenozeanischeKrusteoder aus geochemischen
Analysen von ausstromenden hydrothermalerdeherforschiwerden. Numerische Modelle haben sich
nitzlich erwiesenum die hydrothemaleFluiddynamikzu untersucherundermdéglichen es-orschern

die Beobachtungen und Interpretationen anderer Disziplinen besser zu verstehen. An sich schnell
spreizendenRucken werden kide durch flachen Magmatismus erhitziyobei die Fluide in
hochsalzhaltig&oleundin salzarma Wasserdmpfgetrenntwerden Hydrothermale Quellen spiegeln
diese Prozesse mit zeitlichen Schwankurigeter Temperatur und des Salzgehalts wider.

In dieser Arbeit prasentiere ich meinen setstvickelten numéschenzweidimensionalesimulator

fur portses FlieRen ilBystem HOT Na Cl , der zur Untersuchung von
axialen Magmkammerundmagmatischen Gamgrusionen verwendet wir@er numerische Simulator
fur Stromungenm porésen Medim basiert auf der Contrétinite-Volume-Methode wobei die Basis
gleichungersimultan mit dem NewtoiiRaphsorAnsatz gelét werden. Diese Methode iskal massen
und energeerhaltend undeeignet firgrolReGradientender Temperatur undlesSalzgehaks Zuerst
konzentriere ich mich auf den Fall der ZweiphasenstronfiingH.O und evaluiere verschiedene
numerische Methoden wie das Zeitschrittverfahren und die Stromaufwartsgewichtung von Fluideigen
schaftenDer numerische Ansatz zeigt eine gute Stabjlitétauch fir nichtlineare Fluideigenschaften
bei Druck und Temperatuddingungen um den kritischen Punkt O gilt. Vergleichstestsit dem
Simulator HYDROTHERMzeigeneine hoheéGenauigkeit undeffizienz. In der ersten Anwendurnign
System HO T N au@itesuche ich di®ildung undMobilisierungder Soleoberhaltder axialeMagma
kammer, die die hydrothermale Zirkulation antreibt und die im Matieith eineschwankende basale
TemperatwRandbedingungealisiertwird. Diese Simudtionen zeigendassdie Erhitzung zu einer
schnellen Phasentrennung und zur Bildung einer staBdeithiung der Solduhrt. Diese Schichtung
fuhrt zu einer thermischen Isolation d&fdrmequelle Wahrend dieSoleschicht unter stationaren
Bedingungen stabil ist, werden durch diedRBerung des Warmeeintrags Solen mobilisiert. Dies flihrt
zu deren Mitnahme inid Aufstromzone und zuErh6hung deSalzgehaltesler Quellenin der Praxis
beobachtete hohe Warflisssean derhydrothermalen Quelldaldern stehen im Gegensatz zu damn vo
numerischen Modedin vorhergesagten isolierenden Soleschi@ie zweite Anwendung untersucht
Gangntrusionen unter Bedingungen, wie sim &ast Pacific Ris§EPR) gefunden werdefrir den
Bereich9 A 5 0 anBEFPRivurde der Salzgehalt und die Temper&iRe Quellen iber einen Zeitraum
von >25 Jahrenviederholt gemessemach einer Gangntrusion 1991/92 wurde beobachtet, dass auf
niedrige Salinitdten nach einigen Jahren hohere Salinitaten f@lge@angntrusiorenwurdenin einem
2D-Modellaufbausimuliert,das hydrothermale Konvektion auf der axialen Magammemnachbildet

Die Simulationsanalyse umfasst Phasgparatiorund Salakkumulation und Hal#gusfallungenin der
Néhe de Gangntrusionsowiedie verzégerteMobilisierungder Sole In einer Reihe voModelllaufen
habe ichdie entscheidendelfarameter identifiziert, die die Entwicklung des SalzgehaltQiesilen
steuern. Diese Parameter stlid Durchlassigkeit undie Porositatdes Gesteinsowie dieTemperatur
und der Salzgehalt deentralenaufwartsgerichteten Stromungszomneo die Gangntrusioneindringt.

Die Simulationen kénnen durch Anpassung der Modellparameter die beobachtetefiiDddarBereich

9 A50, 306 Nm WesentlidRdRieproduzieren.



1] Abstract

Abstract

By far the largest part of the earth's volcanic activity occurs alondl{i®@km long miebcean ridges,
where magma rises from the earth's mantle and forms new oceanicTér@strustis cooled by
hydrothermafluid circulation, whicHeachesmetalsfrom the crusdl rocks and caiesthemto the ocean

floor to form volcanogenic massive sulfide depoaitsund up to 400 °C hot venting sit¥gnting trace
elementsaffect theglobal scale biogeochemical ocean cycles espkcially ironfertilizes the ocean.
Hydrothermal verihg siteshosthighly specialized and endemic ecosysteAtsmid-ocean ridges, the
inner workings of hydrothermal systems alifficult to access directland have tdoe investigatel
indirectly throughgeophysical measurements, petrological studies of disclosed ocaastizrought to

the surface, or geochemical analysis of venting hydrothermal fluids. Numerical models have become a
beneficial tool to studyydrothermal fluid dynamics and allow researchers to better synthesize and
understand observations and interpretations obtained by other scientific disciplines-sfitdaging
ridges, hydrothermal fluids are heated by shallow magmatism separatihgidsdrfto a highsalinity

liquid and a lowsalinity vapor phaséit the seafloarthese processese reflected byemporalariations

in temperatur@andsalinity of hydrothermal vents

In this thesis | present my salévelopedwo-dimensionahumerical simulator foporous flowin the
system HOT NaCl , which is applied to studgmalpneande sepa
dike intrusions. Thaumerical simulator ibased upothe controffinite-volume method in combination
with the caupled approach, where the governirapsporequations are solved simultaneoustyng the
NewtonRaphsorapproachThis method is locally massonservingand energyconservingand can deal
with high gradients of temperature and compositiérst, | focts on the case of pure water tpbase
flow problemsand evaluate differemumerical methods such apwindweighting of fluid properties
and timesteppingschemesOverall the numerical approach shovesgood stability also for nefinear
fluid properties at pressutemperature conditions around the critical poirthefoure water. A sufficient
number of benchmark test cases against the geothermal system simulator HY DRO BH&SRMigh
accuracy angod efficiency.

In the first application, | investigate the brine formation and mobilization in hydrothermal systems driven
by a transient basal temperature boundary congdlitibich representhe axial magma lens. It was found

that basal heating results rapid phase segregation and the formation of a stable brine layer that
thermally insulates the driving heat source of flow circulation. While this brine layer is stable under
steadystate conditionsredudion ofthe heat input mobilizekebrines. Tlis leads to their entrainment

in the upflow zone andluid ventingwith elevated salinityThe dsenation of high heat fluxes of
hydrothermal vent fields contrary to theexistence of thénsulating brine layermwhich is predicted by

the numerical modelThe second application studies dike intrusions for conditions fatitide East
Pacific Rise (EPR). At EPR 9A50.306N, vent fluid s
summit trough have been repeatedly measured ovef ged¥long period.After the 199192 diking

event it was observed that low salinities are followed by higher salinities after a fewTyeastort

term salinity variations are likelp be superimposed on a lonterm background salinity signal, which

is modulated byhe changingate ofphase separation on top of the axial magma TEms dike intrusion

was simulated in avo-dimensionaketup, which reproduces hydrothermal convection on top of the axial
magma lens. The simulation analysis includes baitmimulation and halite precipitation close to the
dike as well astwo-phase flow andhe delayedbrine upflow when the dike has cooledn a
comprehensive suite of model runs, | have identified key parameters, which control the vent salinity
evolution. These parameters are rock permeability and porosity plus the background fluid temperature
and salinity of the hydrothermal upflow zonghere the dike is emplaceBy adjusting themodel
parameterthe simulations can approximately reproduce the observiethda EPR 9 A50. 36 N
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1 Introduction

1.1 Magmatic hydrothermal systems

Rock melts as well as aqueous fluids have an enormoustirapabe geochemical evolution of the
earth's crust. As fluids are by definition a mobile phase, they can move through fractures, faults and
fissures and bypass different geologic reservoirs up to the earth's surface. Bothdtkdseltsand
aqueous flids, have a high heat capacity and control heat transfer through the earth's lithoSfibare

both fluids are interconnecteBor example, metamorphacjueousluids derived from devoldiization

of subducted rock minerals can migrate upwards and Ithheemelting temperaturéhe fluidsare
incorporated in these melts, which migrate through the lithosphere. Within the upper crust, these fluids
and other gases will leave the magmatic intrusionaseddded to the vital hydrothermal flow system,
which is powered by heat release from crystalizing magma. As hot hydrothermal fluids are highly
reactive, alter rocks and leach minerals, they produce local geochemical anomalies when minerals
precipitate from the fluid. These processes include the formatiore afemosits, which are the basis of
modernonshoremines

Hydrothermal systems are defined as subsurface geological settings containing agueous fluids related to
hot temperature anomalies within the earth. These systems are characterizeddonfleadion due to

their density differences and by the thermodynamic equilibrium between rocks and fluid. The term
geothermal system also includes hydrothermal systems, but dry and hot geological settings are included.
Especially in the geothermal energydustry the termfigeothermal systetnis often used instead of
hydrothermal system. The term geothermal system is also often used for deep aquifers in sedimentary
basins, which are heated due to the geothermal gradient between 25 and 30 °C/km. Hydsytsiems|

with the supplemeriimagmati® are heated by magmatic intrusions and could, in addition, contain fluids

of volatile elements released from the magma.

Magma intrusions, which have an initial temperature between 900 °C and 1200 °C depending on dept
and compositiongandirectly heat the pore fluids when they intrude into permeable rocks or sediments,
but often magmatic heat is transferred by temperature conduction through an impermeable boundary
layer into an overlaying hydrothermal convection .c&herefore rock permeability is an important
parameter, which controls the configuration and lifetime of a magmatic hydrothermal system. The rock
permeability decreases substantially with depth and increasing temperatures, which favor ductile over
brittle deformation of the rogkand consequently also reduces porosity and fractures of the rock. This
behavior changes gradually over a range of temperatures @ailbgtbrittle-ductile transitionFromlab
experimentst has been derived thgtanites, the wst abundant rock in the continental crust, deform
brittle for temperatures belod00 + 100 °QViolay et al., 201Yand basa# of the oceanic crust deform

brittle belowtemperatures up to 550 + 100 (Violay et al., 2012 Petrological studiesf basals infer
alterationtemperatures of up to 75C suggesting that permeability is nmgligibly low at nominally

ductile temperatures, which was also found indaperiments for granigg\Watanabe et al., 201 7For
permeabilities below I m2 the systeids heat transport changes from adixecto a conductive

In magmatic hydrothermal system, magmaticusionsusually leado, boiling fluids intersectinghe
liquid-vapor coexisting phase region or entering thecated fisuperhoto state, defined by fluid
temperatures above the temperature at the critical point of pure @&4et%°C and 22.06 MPa). Fluids
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aroundthe critical point of pure water can effictgnmine reat from the magmatic intrusidiecause fo
high heat capacitynd low viscosityThe hydrothermal convection pattern is a-sefanizing system,
where heat transport is maximizedorder to reducéemperature anomalies.

Magmatic hydrothermal syems are founéh regions with high volcanic activit{fig 1.1) which is
primarily related to magmatic creation of new oceanic crust for divergent plate motions-ateaial

ridges. Here the total heat loss of the inner eartrssymto 201 25% (Stein and Stein, 1994driving
hydrothermal venting at the seafloor. Secomdhgmatic activity is related to subducting oceanic
lithosphere for convergent plate motions, where the released fluid of the oceanic plate reduces the
melting point of the mafe and crustal rocks. Then, these melts migrate into the overlying crusitn@orm
intrusive magmatic bodies, or they erupt on the submarine or subaerial surface. This primarily occurs in
the Pacific region, where old dense oceanic crust is subducted beneath continental or oceanic crust
leading to either volcanic chains in South &aith America or to several submarine and subaerial arc
volcano chains in the whole western Pacific. Here, also-Beckpreading centers evolve due to slab
rollback, having spreading ratesmparableo mid-ocean ridges. Intraplate volcanism related ¢d h
mantl e plumes or continental rift zones represent

Oceanic Continental
Remnant Arc Back-arc Island Mid-ocean intraplate Continental rift/back-arc
basin arc ridge volcanoes margin arc basin

P

5&{ *\

SEALEVEL = ‘@ A
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.AQ\ ‘ Continental
e _7,/§ = lithosphere
2 =

Subducting
slab

EXPLANATION
<> Volcanogenic massive sulfide deposit

Figure 1.1: Volcanism related to different geological settingedified after(Shanks Ill, 2012

Submarine and subaerial systems differ substantially in their appearance at the ardfland surface
respectively At deep submarine systems like mid ocean ridges, where pressure conditions are below the
critical point of pure waterhot liquids with up to 400 °CGare vented. When these hot fluidse

immediately cooled by ocean watdretdissolved minerals precipitate as dark particles venting mainly

into the ocean butlsobuilding several meters high chimnegagdledi bl ack s moker 6. These
minerals are predominant metal sulfides. Aswmcalledfiwhite smokerg with lower ttmperatures and

emit grey to white minerals like barite, anhydrite and calcite. If the main tectonic settings are unchanged

over ten thousand years, hydrothermal mounds of pgmitg/drite breccias of tens of meters thickness

growin several cycles of ast venting(Hannington et al., 1998

For the subaerial case, the upwelling hot flugale mixed with meteoric waters and flow such as
groundwater to topographic lows. When these hot fluids are not mixed and cooled with meteoric waters,
the pressure drop leads to boiling and the water steeapes from holes adjacent to the volcano crater

as secalled fumaroles. The steam ddten enriched in volcanic gasses likeéO,, SO, and H.S.
Consequently, around fumaroles often elemental sulfsuléur containingninerals were deposited. In

the subsudce, these systems could build various ore deposits of economic interesarisheyhen
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crystallizing magma releases fluids with high metal contertcidic hot fluids leach metafsom the

rocks close to the magmatic intrusion in the reaction zonéalNbeecipitation within the magmatic
hydrothermal systems is caused by changes of the physical and chemical state of the fluid, which often
occur by cooling, mixing, boiling and chemical reactions with the host rock. Each metal precipitates
under differen conditions leading to a wide variety of ore depoditeposits related to agmatic
hydrothermal systems are the most important sour€auofo, W andSnand a major source @fu,

Ag, Zn andPb(Kesler and Simon, 20}5As fluids with temperatures higher than 150 °C are favorable

for electrical power generation, these fluids are mined for reliable power production, which is of
increasing interest asoreunreliable wind and solar power statiare builtworldwide.

The research on the deeper parts of active magmatic hydrothermal systesngpered by weak data
availability. Borehole drillings become very expensive towards these depths and have to deal with
extreme conditions of high temperatures, corrosive fluids and tomks. Additionally, targets are
located in distant or unexplored areas leading to expensive costs for equipment like drilling ships.
Geochemical analysis of altered rocks of hydrothermal flow are essential for understanding these
systems, judike investigation of mineralized veins of@tdeposits, which have been exhumed by erosion

and have become accessible for open pit mining. The disadvantage is that this investigation does not
deliver information over the entire evolution of the past flow syst&imstefore numerical modelling of
magmatic hydrothermal systerhss become a preferred tool to explore the thermal evolution and
complex fluid dynamicglngebritsen et al., 20)0They are particuldy useful when solutes like NaCl

are present and phase separation of heated fluids occur, because thesantwmephase flow systems
aredifficult to predict and additionally, they behave substantially differéfmdm pure water systems
(Coumou et al., 2009iDriesner and Geiger, 200%cott et al., 2017 NaCl is enriched in submarine
hydrothermal systems due to crustal seawater circulation, in contimeatghatic systems, where
chloride is added from magmatic fluids into the system, or in sedimentary basins, which formation water
can be NaCl saturated with up to approx. 30 wt% NacCl. After phase separation processes have taken
place, the NaCl contentinlocally exceed 70 wt% NaCl. As NaCl is often the most abundant solute, the
equations of state and the phase diagram@fiHNa Cl , whi ch di spl ays the
singlephase and coexisting twahase or threphase regions in theressurégemperature&composition

space, are an essential part of numerical simulators and the analysis of fluid behavior in hydrothermal
systemgDriesner and Heinrich, 20Q.7Phase boundaries are only moderately shifted by the presence of
other major solutes such as K@nderko and Pitzer, 1993blovey et al., 1990Sterner et al., 1992
Magmatic fluidsaddcontents of C@into the hydrothermal systenvhich is the most abundawnblatile
speciesafter HO in submarine systemsherefore the usage of the ternary systela®©1 NaCli CQ,) is

more accurate, but the thermodynamic models and equations of state are still incngebtésen et

al., 2010. NeglectingCO. in numercal modeldor submarine systenis often acceptabjeas theyare

H.O1 NaCl dominated and small portimaf CO; only slightly change phase boundaries in the pressure
temperature space.

1.2 Concept of numerical modeling of hydrothermal systems

The basis of any numerical simulator &nydrothermal system is a mathematiphysical model. The
NavierStokes equatiadescribethe motion of a viscous fluidand express the conservation of
momentum and the conservation of malsey areused for many phenomena in earth science or
engineering applications like atmospheric convection, ocean currents or convection of the earth mantle
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and the liquid core or magma reservoirs. For the fluid flow within a porous media the Darcy equation is
used which is derived from the NaviStokes law for laminar flow:

V= k(B r9) (LD

where subscript f stands for either liquid (I) or vapor (v) phasevaizthe Darcy velocityk is the rock
permeability k is the relative phase permeabilityjs the viscosity, is the densityp is the pressure
and g isthee a r grawviby sicceleration. The Darcy equation and its expansion for multiphase flew ha

many hydrogeological applications. In the near subsurfateusedin the context of thermal energy
storagearnd for describing groundwater flow fowvithdrawal and protecting drinking water. In the
petroleum industryit is used for oil and gas reservoir engineering and @@lerground storage in
sedimentary basinginally, the Darcy law is part of the two governing equations fossrend heat
transport for modéhg and investigating hydrothermal systems. THieWing equatios are simplified
but sufficient for many applications for hydrothermal simulators:

[ 58 v, (12)
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Here} m is the mean density arg, the mean specific enthalpy of the composition of both phésis

total energy stored inrockandfluilj s t he t emper at uKkrisscondudtivity af rocko c k por
}ris rock densityg: is the specific heat capacity ahi the time.These governing equations are also
calledconservation equations and are partial differential equations, where evolution in time is stated by
a firstorder derivative in time and the diffusive and adjective transport terms inhibit spatial derivatives
of second order. This set could bgpplementedby the transport equation of fluid components with
additional chemical reactionsetween fluid and rock. In hanagmatic hydrothermal systems, the
governing equations are strongly coupled by fluid properties, which depend on temperature, pressure and
composition. For example, the heat transport changes fluid density by temperature increase, which
changes mass transport, whiohturn changes heat transport. This coupling of the governing equation
has to be treatedith the numerical solution method. Theuatjon of state (EOS) of the fluid, which
defines phase relation and fluid propertiea also be more complex when multiple components are
present. The governing equations could also be added by variable rock properties. In general, the
complexity of themathematicaphysical model is natestricted by the complexity afature but by the
researcher, who has to find a reasonable reduced mathematisadal model, which is actionable in a
numerical simulator and also suitable for the research problem.

After finding the mathematicahysical model, the size of the modeling domain and its spatial
discretization together with a numerical method for solving the governing equations has to be selected.
Heretoo both choices depend on the hydrogeological settimyshould support each other. In the last

40 years, several numerical methods have been applied. First, the finite difference method (FDM) and
finite element method (FEM) have been applée now the integrated finite difference method (IFDM)

and finite volume method (FVM) are often used in current simulators. All numerical methods have in
common that they calculafer each time step set of physical fluid properties for every grid point,
which describe the state of the fluid, for example, fluid pressemperature and composition. A linear

set of equations has to be solved tfwrsecalculatiors, which linearly grows with the number of grid

points. Therefore a higher number of grid points needs higher computational resources and sometimes
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parallel computing algorithmsAs the spatial discretization in three dimensions needs one ooder
magnitude more grid points, when the spatial resolution should be equal, simulations in two dimensions
were preferred in the padtloreover $mulators capable of thre dimension are often restricted to
simplified physical assumptions like pure water approadhésstudies have shown that fluid flow is
mostly organized in thregimensional configurations. Hence in the futungore threedimensional
hydrothermakimulation studies will be obtained including twbase flow, when computational power

is easier available for high resolution grids.

The last important part of setting up a hydrothermal simulation is to implement the boumttiitipns

The researcher bao decide at whichoundaies fluid flow is allowed to cross the modeling domain or

if no flow is allowed. The heat source that drives hydrothermal convection given by magmatic intrusions
or magma chambers is realized by a heat flow or temperature pwoddition, whichcanbe fixed or
variable in timeAlternatively,magmatic intrusions are often implemented as an initial hot impermeable
rock within the modeling domain, which cools during the simulation and becomes permeable. Especially
magmatic intrgions into cold surrounding rocks lead to higmperature gradients followed by rapid
vapor expansion arfugh flow velocities due to higpressure increasklere numerical methods have to

be stable, which means that the iterative solver has to convadhelaes not produce numerical
oscillations in the temperature field or in fluid compositions. Numerical methods like IFDM or FVM,
which are massonservingand heatonserving for the predefined area around each grid point, have
advantages as they are betsuited to reduce numerical oscillatiomsconclusion it should be noted

that no numerical method is the best chdicgerms of efficiency, stability and accuraéyr all
applications for modeling hydrothermal systems.

1.3 The system HOI NaCl and thegeometric topology ofits phase diagram

The work onaccurate correlation formulae for the phase relations in the space of pressure (P),
temperature (T) and NaCl composition (X) have been motivadetiitularlyby theneedfor numerical
modeling. Here, the neddr complete formulationgasrealized when the research interest shifted from
shallow sukcritical systemqlower pressures than at the critical point of pure watgr< 22.06 MPa,
Terit = 374.15°C)) to the deephot roots of magmatic hydrotireal systems. Especially in the 80s and
90s, a lot of experimental data onGH Na C| f | uihdve beencapqeiredBisohaff and
Rosenbaued, 988 Bodnar et al., 198%night and Bodnar, 198®lander and Liander, 1958ourirajan
and Kennedy, 1962Sterner et al., 1992 These were transformed into equatiaof states but
unfortunately their validityhad limited intervals ad not dl fluid properties havéeen accurately treated
(Anderko and Pitzer, 19934archer, 1992 Bischoff and Rosenbauer, 198%tzer and Tanger, 1988
Two complete setof correlations of phase relations and fluidgerties have been publish@tiesner,
2007 Driesner and Heinrich, 200Palliser and McKibbin, 1998&Palliser and McKibbin, 1998b
Palliser and McKibbin, 1998cThe numerical simulator presented in tiissisuses an implementation
of thecorrelaions formulae oDriesner and Heinrich (200@ndDriesner (2007pecauséhey cover a
sufficient rangeof pressurs from 0 to 500 MPaof temperature from 0 to 1000°C and NaCl mass
fractionsfrom O to 1

In total, seven states of phase are found in the phase diagransg$thim HOT Na Cl , whi ch i
in Figure 1.2. The black surface separates the spimdse rgion from the liquid + vapor (LW)
coexisting region. The critical curve (dashed red line) fadlthve crest of this surfacend indicates
whether a singkphase fluid enters the twghase region as vapbke or liquid-like fluid. It starts from

‘N
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the critical point of pure water, which is the higlessure ending point of the boiling curve of pure water.

A singlephase fluid belowhe pure water boiling temperatugealways in a liquid state andll boil

when it is heated to the twazhase boundary. At higher pressures, the critical curve moves to higher salt
compositions, which implies that when a singhase fluid with a salt céent lower than the critical

curve is heated until tits the twephase boundary, is a vaporlike fluid from which brine droplets
condens.

Throughout this thesis, the critical curve is used to distinguish between agabliquidlike in the

singlephase region at pressures higher tharwith vapor always having a lower density than a fluid

on the critical curve for a given pressure. There
density at the critical point of pure water (32kgdn?), or a fluid having a higher temperature and a

lower salt content than the critical curve at a given presbufégure 1.3and Figure 1.4he boundary

between liquid and vapor is marked by the red dashedlliveevapor phase can carry several W&cI

within the bwer temperature range of the\L+egion at higher pressures (Fiy.3d).

halite liquidus
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boiling curve of H,0 at 3.2 wt% NaCl
Figure 1.2: Phase Diagranof the system bO1 NaCl in temperaturpressurecomposition coordinates with

isolines for pressure and composition on surfacgkquid), V (vapor), H (halite)
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The green surface marks the halite iiys andthe halite melting curvinearly increassstartingfrom
thetriple point (800.7C and 50 Pa) to 82% at 100 MPa. In the liquid + halite (H} coexisting region,
halite saturation increases linlawith increasing salt contemthenthetemperature alys constant. The
liquid, vaporand halite(L+V+H) coexisting arface (blue) forms the losv pressure boundary of the
L+V regionand the (LH) region. TheV+H coexisting regiorns boundedy thedark yellow surface
which, at low salinitiesseparateit from the vapoi(single-phase) regionTheL+V+H surface forms the
upper pressure boundary of WieH coexisting region

Using coordinates in the PTX space has the drawback that the respective phase satamatibhe
calculated for alPTX-coordinates. This is the case for pure water boiling betevetiical pressure, for
the L+V+H coexisting region and fahe halite meltingcurve Depending on the numerical method used
in a simulator the primary searching variables, which are normalihgssure, temperature and
composition have to be changed arglpplementedby a phase saturatiofKissling, 20055.
Alternatively the phasesaturations are calculated witlgrtraiterativestefsto match theéhermal energy
(Weis et al., 2014 An alternative solutionsito use the specific enthalpy (H) as one of the searching
variablesinstead of temperature, because thertderabovementioned regionghe phaseaurations
could be calculated-or translating the EOS from PT3pace to PH>space, | have implemented
iterative bisection methodThis Method for calculating fluid properties is accurate but skespecially

at phaseboundaries Therefore for calculating fluid properties via fasinear interpolations,| have
computedathreedimensionalook-up table, viich hastetrahedral elements fitting the phase boundaries.
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Figure 1.3: Isobaric cross sections of temperature versus fluid NaCl moni¢hin the PTX phasdiagram.

Colored bold lines show same phasgioa boundaries as shown in Fig3. Thin black lines are
isenthalps, labels are in MJ/kay.b Red dots at the left border sholwe temperature for boiling of

pure water; boiling temperature isan311°C and inb 366°C. Figure design has been adapted
from Driesner (2013)
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contour Ines show isenthalps with label uimtMJ/kg. b, d, f Pressure versus bulk spec. enthalpy.
Thin black lines are isotherms,.b Red dots showheintersectios of the critical curve and dashed
red line mark transition between liquid and vapor as defindakitext.

In Figure 14. PT- and PHprojections are shown for direct comparison and in Figureisbisaric
HX-projections resolve regions of constant temperatures AtO, below the critical pressurend
between the specific enthalpies of vapor and ligeathermal boiling opure water is resolved (Fig5a,

b). When salt is added, the salt content of the liquid phase increases with increasing temperature within
the L+V coexisting region. For a given temperatgedt contentandthe spec. enthalpied both phases

can be red off at the intersection of the respective isotherms with the phase region boundaries (bold
lines). Around the critical point opurewaterand for seawater salinities around the critical curve at 30
MPa even smatemperature changésad to reasonabldianges in the bulk spec. enthalpy (Fig 1.4a, b)

and densityThereforethe choice of specific enthalpyhigrebeneficial as primary searching variable.
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Figure 1.5: Isobaric cross sections of bulk spec. enth@ifpyersus fuid NaClcontent wihin the PHX phase

diagram. Colored bold lines show same phase region boundaries as showd it Figin black

lines are isotherms, crossing phase region boundaries. Ddshddack lines are isotherms
restricted to phase regiorss.b Red dots at the left border show spec enthalfor boiling of
pure water; boiling temperature isar811°C and inb 366 °C. Temperatures of L+V+H regions
aremarkedblue. Yellow dots showhespec. enthalpy of melting halitg and the corresponding
melt h.. Molten halite is part of phase region L. Figure design leas ladapted frorDriesner

(2013)

At pressures lower #n 39.015MPa, the isothermal L+Wt coexistingregionappears twice and the
spec. enthalpies of each phase can be readtdhe triangle corners (Fi@.5a, b, c). Within each
(isothemal) lower temperature L+VH region, an increasef the bulk specift enthalpy results in the
sepaation of liquid into vapor and halite, i.e., the liquid saturation decreases with haliteapad v
saturation increasing. In the higher temperature LH\f¢gions,vapor and halite are progressively
mixed to a hypersaline liquid (>85wt% NaCl) with increasing bulk enthalpydalite melting is
isothermal andgaturations of solid ancholten halite changbetween the yellow dots xt= 100 wt%

NaCl (Fig. 1.5).
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While the transport of NaCl within hydrothermal systerasibe simulated by numerical models, which
have incorporated tHeOSfor NaCl, fluid properties and twphase flow, the transport of metals is much
more challenging to calculate because solubility and viguaid (brine) partitioning of each metal
depends oma complex interconnection gfressure, temperature and composition of major fluid
components.

The liquid and the vapor phase have fundamentally different properties. The liquid phase is dense,
incompressible and a good solvent for electrolgi@$on the contrarythe vapor phase is compressible
and a good solvent of nonpolar gases. Fluid inclusion analysis of rocks from extinct magmatic
hydrothermal systems has shown how metals are distribetegten coexisting vapor and brine phases.
Elements such as Na, K, Fe, Pb, Ag and Zn accumulate in the dense brinepltzesg build chloride
complexegPeser et al., 201p The vapor phase is often enriched in sulfuti®degassing of S£and

H>S from the magmatic intrusion. Cu and &sobuild hydrogen sulfide complexes and are ndtigsly
enriched in the brine phase as above mentioned metals.iftligdions often show for Au a higher
partitioning in the vapor phag@okrovski et al., 2008 Metalloidssuchas As, Sb and B tend to build
hydroxide complexes and distribute approx. equal into both ph&sdsovski et al., 2005 The
partitioning of many metals is also affected by fluid acidity, whoseadtles can become as low as 2.

In order to modethetransport of metals and ttiermationof ore deposits, geochemical reactibiase

to be calculated, which is very difficult for sugest conditions and twphaseconditions Therefore,
only a few crustal scalfuid convectionsimulations ofore deposit formation by metakansport and
precipitation have been publishéd the lastdecade Making the reasonable assumption that metal
solubility is controlled bytemperatureWeis et al. (2012andKorges et al. (2020have simulatedhe
formation ofa porphyrycopper ore shell deposiith saline multiphase flow andRodriguez et al. (2021)
have simulated a Zn ore deposit formation in a sedimentary fyasaline single phase.

1.4 Applications for multi -phase thermohaline numerical simulators

Hydrothermal systems are distributed within many geological settings with different magmatic supplies
(Fig. 1.6). Most hydrothermal systems are sotveyedwell enough to apply investigatioieough
numerical simulations to get meaningful results thatwall@asonable explanations of observed
phenomena. Especially the crustal permeability is unknown if it is not measured by borehole
measurements. Oftedifferent subsurface conditions could match observed data and a complete analysis
of parameter studies ato be applied to make statements about specific systems and generalize them
for othertypes of hydrothermal systems.

Therefore applications for mulithase hydrothermal numerical simulators could be roughly subdivided
into two groups. In the first gray the numerical simulator is used to explore the fundamental physical
fluid dynamics and elaborate conceptual models of hydrothermal flow. In the second group, the simulator
is used to investigatevo-phase flow phenomena for specific geological settiNgsnerical simulations

could be adaptewb and calibratedbasedn observations if sufficient data have been collected for a site,
for example a set of some of the following data: crustal structure (faults and rocks properties), thermal
structure of the erst, heat source propertidgat flux measurementgenting fluid temperature and
salinities.
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The capability of new numerical codes, which correcthattievo-phase flow for nodinear phase
properties around the critical curve has given new insight® qualitative understanding of
thermohalingwo-phase convectioim two-dimensionrhas beelnvestigatedy several authoréGeiger,
2005 Geiger et al., 20064&5eiger et al., 2006kKissling, 2005aKissling, 2005h. The hydrothermal
two-dimensional convectiohas also been studied feimplified settings ofsubmarine system&hoi

and Lowell, 2015Coumou et al., 2009&lan et al., 201:3Kawada et al., 2004.ewis andLowell, 2009
Singh et al., 2013,3Neis et al., 2014 The goal was to understand temporal variations in venting salinities
as well aghesalinity distribution within the systertntil today, no results othreedimensional saline
multiphase simulations have been published fghdr pressure and temperatemnditions above the
critical pointof pure waterHowever,new insights into fluid dynamics could be expected from these
simulations because threimensional singlghase simlations gavamportantnew insights into the
organization of hydrothermal cells for fesireading miebcean centerlCoumou et al., 2009&€oumou

et al., 2008Hasenclever et al., 2014
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Submarine hydrothermal vents often show salinities tiffer drom seawater salinity, indicating phase
separation processes. Furthermore, they are distributed within many geological settinds6jFig
making them a good target for hydrothermal simulations for elaborating their differences. The most
abundant laces are found for divergent plate motions at-otidan spreading centers and for convergent
plate motion when subducting oceanic plates lead to volcanic arcs andrbagkeading centers. The
remaining vents are related to intraplate submarine volsarmitionally, the thickness of seafloor
sedimentshaving a lower permeability than upper nearface basalixhanges the characteristics of
hydrothermal circulation and vent chemistry.
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1.4.1 Mid-ocean ridges

Mid-ocean ridges, which have a total length-61,000 km upon definition on ridge segmegi@sle et

al., 2013, are subdivideaccordingtos pr eadi ng velocities into fast
(=557 70 mml/yr), slow (less than ~55 mm/yr) and ulifaw ones (less than ~20 mm/yBeaulieu et

al., 2015 Dick et al., 2003 This classification is based on different magma production rates and their
consequencef®r the ridge geomorphology, the main visible difference. Below the separating plates,
decompression melting of the underlying mantle leatisetimrmationof a basaltic and gabbroic oceanic

crust of around 6 km thickness for spreading velocities higher2@anm/yr. In total, 75% of earth
volcanism is produced at mwmtean ridges(Crisp, 1984. Here, coolingthrough hydrothemal
convection dominates conductive cooling and therefore it is involved in the creation process of the
oceanic crust and its alteration.

Fastspreading centers like the East Pacific Rise and parts of the Peadficctic Ridge are
characterized by aaxial melt lengAML), which is elongated along the ridge and is located between
1 and 2 km deptivelow seafloofDetrick et al., 1987Xu et al., 2013 Here periodic magmatic events
create a twdayer upper cruswith a top layer of pillow basalts (layer 2A) and beJ@aayer of basaltic
dikes (layer 2B)The lower pa of the 6 km thick oceanic crust is made of gablarystalized at the
AML and in sills below the AMLAt periods of high activity, eruptive events happen every 10 to 20
years. Therefore, the morphology is related to high magmatic activity close txithewhere a
topographic high evolves (~ 400 m) often with a thin summit trough of around 10 m width. In this small
area, hydrothermal activity is concentrated aslibfvs the ascending dikes hdFeornari et al., 2012
Numerical models andlteration of the lower oceanic crust predict hydrothermal cooling of the lower
crust(Nehlig, 1993 TheisserKrah et al., 2016

Intermediatespreading ridges show morphologies of fast or slow ridges and have no unique specific
morphology.Slow-spreading ridges like the Midtlantic Ridge have an axial rift valley of variable
depth between ~400 m to 2500 m and a rough rift mountain topogf@jdkyet al., 2003Macdonald,

1998 Small, 1998. The morphology is often asymmetric andgmatic crustal accretion is controlled

by shortlived crustal spherical ayma chambengith a depth of> 3km (Purdy et al., 199%5ingh et al.,

2008 Sinha et al., 1997Here hydrothermal vents are more difficult to find as the new volcanic zone is
not welldefined and the deep crustal faults enable enhanced discharge of hydrothermal circulation
spreading the distribution over a much larger éBaker and German, 200Beaulieu et al., 20)5The
ultra-slow ridges, which comprise ~200 km of the global ridge system, have partially not magmatic
sections, where mantle rocks have been brought to the seafloor without experiencing partial melting.
Surprisingly despite the low magmatic activity, several htgimperature hydrothermal vents have
recentlybeen found at the Gakkel Ridge and the Southwest Indian Ridge having different salinity
compared to seawatf@finsey andGerman, 2013Pedersen et al., 2010ao et al., 201

In this thesis, the developed simulator is used for modeling processes such as brine layer formation on
top of the axial magma lerend magmatic diking events at modean fasspreading ridges. The
fastspreading ridges have been chosen because geophysical and geochemical investigations show that
hydrothermal venting at the ridge axis is mainly controlled by fluid convection on the akial magma

lens. Additionally,at some locationthe recurredy measured data of vent salinities and temperatures,
which cover cyclical changes, makehiéneficial for numerical simulations of this specifieological
setting.Slow-spreading ridgeare less appropriate for numerisathulationsfor the following reasons.

The key components that control hydrothermal circuladitstow-spreading ridges are deep permeable
normal fault systems and deep transient magmatic intrusions, whose sdiéscaiéto determinavith
geophysical measurements. Measurements of theAttangtic Geotraverse (TAG) hydrothermal field

show that venting was inactive over thousands of ydatou et al., 1995Lalou et al., 1998 The
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cyclical evolution of hydrothermal convection is not well understood as faults could be pathways for
cold downflow or hot upflow, which could in principle change over time. The permeability of faults is
difficult to estimate and thefore it is not clear how hot upwelling fluids follow fau{sndersen et al.,

2015. Here measurements at hydrothermal fields could only show a small snapshot of cyclical changes.
Overall, it is not clear if faulting and magmatic intrusions follow regular cycles, which are then reflected
in hydrothermal venting. In the future numerical misdbat are improved and validated at the simpler
fastspreading ridges can help to transmit insights of apliéise fluid dynamics to slespreading ridges

and quantifying processes there

1.4.2 Volcanic arcs and backarc spreadingcenters

The tectonicsetting, where the oceanic lithosphere (slab) is subducting, subdivides submarine volcanic
arcs and bachrc spreading centeis different classesAt intra-oceanic settings, the volcanic arc has
built on oceanic crust. Spreading on the backside of toawnic arc is caused by the rollback of the slab,

i.e. the diving point of the slab migrates away from the volcanic arc leading to extensional forces and
crustal rifting. With ongoing rifting passive upwelling of mantle rocks occurs comparable ‘ocesah

crustal accretion. Examples of intbaeanic settings are the Mariana arc and its fackspreading
center, the Iz#Bonin arc, the Tong&ermadec arc and the attached Lau basin in the western Pacific,
andthe onset of the Lau basin rifting has splitfilener volcanic arc (cf. remnant arc in Fig 1.1). At the
volcanic arc highemperature hydrothermal vents are often found at the caldera walls because during
caldera collapse, permeable pathways were generated leading to focuggthfimimgton et al., 2005
Additionally, many submarine volcano&dten show diffuse ventingAt magmatic activebackarc
spreadingentershydrothermal vent fields are placed witfiinst few hundred metefsomthe spreading
axisand are similar to midcean ridgeg§Anderson et al., 201 Taylor, 1995.

Whena slab is subducted below the basement of a continental ntaegiifting at the baclarc is similar

to continental breakup-rifting, characterizedby volcanic eruptioa with higher silica content
differentiated in deegeated magma chambaerighin the continental crust of more than 10 km thickness
like the Ry kyl arc at the Okinawa TrouglArai et al., 201Y. The extensiorof the backarc rifting

region is distibuted over a larger area than for oceanic crust because of the thicker continental crust
(Hannington et al., 20Q5Here tydrothermahctivity is distributedwithin depths betweeafew hundred

meters and 2500 m at tlseope of theOkinawa Trough towards the Ryukyu grémarily located at
volcanic knolls(Sakai et al., 1990

Island arcs and related baakec rifts are calleditransition& when they occur in a basement of young
continental crust or preexisting arc crust, and are commonly found in complex collisional zones including
microplates. This variety of involved tectonic elements is reflected in the complex and versatile
chemistry ofboth the arc and baekc magmas, witlarclike magmas erupted in the baakc region
(Hannington et al., 2005Examples arghe Aeolian and Hellenic Arc andhe southern end of the
Kermadec Arc, where riftingxtendgo the continental shelf of New ZealandeTvolcanic arcsvhich
surround theManusBasirs andthe Woodlark Basins cover sonwd the youngest and richest porphyry
Cu-Mo-Au depositonearth(Brandl et al., 2020Holm et al., 2019 The massive sulfide deposits at the
Manus Basingsrealso ofeconomic integst to the newemergingmarine mining industry.

The formation of porphyry ore deposisscontrolled by the transport of brines, where the metals are
enriched intoNumerical simulationsisingsalinetwo-phase floncan reproduce some characteristics of
the formations of porphyry copper deposityvolcanic arc systemslere investigations haveen done

for synthetic subaerial systenfg/eis, 2015 Weis et al., 201Ras well as for a specific site of the
submarine Brothers Volcano at tkermadec ArdGruen et al., 2004
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1.4.3 Saline magmatic hydrothermal systems used for geothermal power generation

Geothermal power production has been growing over the last years. Most of thenthiglpy
hydrothermal systems used for electric power generation aredmuiby meteoric water, bureover
considerable examples of saline multiphase systamsrs hosteth the USA, Mexico and Iceland. At
the Salton Sea Geothermal System (SSGS) in Califasa@mentary rocks have been deposited in a
pull-apart basin athe SarAndreas transform fault intruded by shallow Quaternary basalt and rhyolite
bodies. The intrusions increase the fluid temperatures t6@G%0 a depth of 1400 m and cause contact
metamorphism and mulghase flow within the fluvial and lacustrinediments, including hypesaline
brines in the deeper sedime(Eders and Sass, 1988elgeson, 1968Mazzini et al., 201)L The Cerro
Prieto Geothermal systeis one of the oldest and most reliable systimelectrical power production

in the world. It is located at the northern Baja California arltkesthe SSG$&a pulkapart basin including
the Cerro Prieto Volcandt is characterized by a boiling upill plume(Elders et al., 1984 Here too,

the exgtence ohypersaline brines have been inferfedm drillings at the lower sediment layers on top
of the crustal baseme(itippmann et al., 1991

At the Re¥janes peninsulathe Mid-Atlantic spreding center reaches the surfagdee to excess
magmatismby the ascending Icelandic mantle plume leadingitinormal highcrustal thicknesss
(Seemundsson et al., 2028ecause of the deeifting faults the hydrothermal system is recharged by
seawater. Ascientific exploration well of thécelandicDeep Drilling Projec (IDDP2) has reached a

vertical depth of ~4500 mndthe bottom hole temperature éstimatedo be 535 °C at 34 MRavhich

woul d be the wor | d{Ridldifssdnetals 2020gi@eifdsdn etralm20D)7These | |

hot temperatures are known to be found close to the magmatic heat source. This region is called reaction
zone defined by the hightensity of fluidrock reactions (rock alteration). At these tenapges, heated
seawater would be separated into two phases. The superhot vapor phase is very suitable for electric power
generation because of its huge expansion when it depressurizesar€drapfluids in the boiling ze@s

with temperatures between@0C to 300 °C, where geothermal fluids are migedventionally the

power production from these vapors hdvepotential to be 10 times higher per wdlhis information

has been inferreddm fluid extraction tests at the IDDP1 wHridleifsson et al.2017). For bothwells,

technical difficulties have to be solved before these vapors could be extracted.

The shallow subsurface of geothermal systems is usually intensively investigtiegeophysical
borehole measurementst is difficult to extrapolée from the measuredtemperature field and
permeability structuréo the deeper partteaving the depth of the magmatic heat source and its heat
budget uncertain. In addition to the exploration drillings in supercritical pressures conditions towards the
magmatic heat source, numerical simulations capalhamdlingmagmatic temperatures are helpful to

find the best places and depth for production wells and to figure out if the system is not at the end of its
life (Scott et al., 2015In the case of saline hydrothermal systems such as Reykjanes, investigitions
numerical simulations show how phase separation could lead to acdomuatatow-mobility hyper

saline brines and halite precipitation that reduces the efficiency of heat and mass transfer on top of the
magmatic intrusior{Scottet al., 201Y. It could alsobe an option to use deep drillings to inject water
close to the magmatic heat source to increase fluid extraction rate of shallower production wells, which
could be investigatedith numerical simulations.
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1.5 Scope ofthe thesis

In this thesis, | present my seléveloped numeral approach for modeling mutiase flow in the

system HOI NaCl as well as applications to magmatic hydrothermal systems aspfastding
mid-ocean ridges. The thesis has a cumulative structurecensists of three papers. The research work

has been conducteghplying of my seltdeveloped numerical approadResults were preprocessed and

edited by myself. | have submitted all three papers asditor to scientific journaldMy co-authors
havecontributed to the paper structuaadto the written text.The first paper (Chapter 2) focuses on
numerical methods and implementation strategies forpwase flow in porous mediblere a detailed
descriptionof the controffinite-volume method in combation with the coupled approadh made

where the governing equations are solved simultaneously with searching variables of pressure and spec.
enthalpy. This numerical simulator is restricted to two dimensions and pure water, but it is able to deal
with temperature and pressure conditions at the critical point of pure water and beyond. The efficiency
and accuracy are shown by a sufficient number of benchmark test cases against the geothermal system
simulator HYDROTHERM.

The second paper (Chapter 3) intnods the extension of the numerical approach to the binary system
of H>O1 NaCl. For this purpos¢he equation of state ddriesner and Heinrich (200Was implemented

in pressurgemperaturecompositionspace and then translated with a bisection method in pregsere
erthalpy-compositionspace.The solid phase halite is treated as immobile and reduces the rock
permeability. The new simulator is applied to investigate brine formation and mobilization in
hydrothermal systems driven by a transient basal temperature bowodalition. This model setup
corresponds to seawater circulation systems found abogdn ridgesand its simulation allows to
guantitatively evaluate the thermal insulation of a stable brine layer on top of an axial melt lens.

In the third paper (Chagit 4), the developed simulator is applied to link magmatic diking events-at fast
spreading ridges to observed vent fluid salinity evolution at the seafloor. This study includes phase
separation phenomena like brine accumulation and halite precipitative alike as well as brine
mobilization and twephase flow. In addition, key parameter are analyzed, which control vent salinity
evolution like rock permeability and porosity as well as the background fluid temperature and salinity of
the hydrothermal upfle zone, wherein the dike emplacedThen the simulated salinity and temperature
curves are comparedgith P-ventand Bio9vent evolution at EPR 9°5(8 after the dike intrusion in
1991/1992.
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2 Implementation strategies for accurate and efficient control volume
based twephase hydrothermal flow solutions

2.1 Abstract

Numerical models of magmatic hydrothermal systems have become powerful tools for linking surface
and seafloor observations to chemical and fllydamical processeat depth. This task requires
resolving multiphase flow over large distances of several kilometers, a wide range of pressure (p) and
temperature (T) conditions, and over time scales of several thousands of years. The key numerical
challenge is that realiic simulations have to consider the highfinparity and strong coupling of the
governing conservation equations for mass and energy, while also being numerically efficient so that the
required spatial and temporal scales can be resolved.

Here we outhe possible solutions to this problem by evaluating different implementation strategies and
presenting a numerical scheme for fully coupled accurate and efficient flow solutions. The general
scheme, based on the New#eaphson (NR) method, is presentedtfte simplified case of-B pure

water convection and uses a control volume (CV) discretization on unstructured meshes. We find that
the presented techniques significantly reduce the computational effort with respect to
sequential/decoupled schemes. Keythis are a thetime-differencing method for better accuracy,
stability and convergence behavior of the-Nfations, as well as improvements regarding upwinding.
These features make the presented methods useful for coupled simulations of magnttiernyalr
systems and a potential basis for futwie Bulti-phase codes.

2.2 Introduction

Numerical modeling has become an indispensable tool for investigating magmatic hydrothermal
systems. In the context of submarine hydrothermal systems, integratieafloios observations with
numerical model predictions can put bounds on the hydrothermal mass and energy fluxes between
oceanic crust and seaflo@ndersen et al., 201&athles, 2011Fontaine et al., 200Gruen et al., 2014
Hasenclever et al., 201ZheisserKrah et al., 2016 Such studies help quantifying the hydrothermal
influence on ocean and crustal chemistry, the thermal evolution of young ocedrs; plad the
formation of metatich massive sulfide deposits. Likewise, studies that integrate numerical models with
data in continental areas are essential for assessing geothermal resources and ore deposits related to
geothermal processé@agebritsen et al., 201&cott et al., 201,3Neis et al., 2012

A significant progress has been made in hydrothermal system modeling over the past decades
(Ingebritsen et al., 201Qowell, 199]). In particular,the use of realistic equatico$-states (EOS) and

fewer fluid-dynamic simplifications have led to fundamental progress in understanding the inner
workings of magmatic hydrothermal syste(@®umou et al., 20Q8Hasenclever et al., 20;14upp and
Schultz, 2000 Lewis and Lowell, 2009Weis et al.,2014. Yet, robust simulations of mulphase
phenomena remain challenging due to the highllm@arity and strong coupling of the governing
conservation equations for mass and en@fgyist and Mercer, 197fhgebritsen et al., 20)0This is
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particularly difficult to handle when boiling and condensation phenomena occur, which can go along
with large volume langes. Further complications arise if the flow of salt water instead of pure water is
simulated due to the increased complexity of the EOS, the occurrence of phase separation phenomena
above the critical point of pure water, and the precipitation ofel{@liiesner and Heinrich, 2007

A recent review on modeling magmatic hydrothermal systemadmbritsen et al. (201@rovides an
overview on currently used multiphase codes. Codes like HYDROTH@ERN Jr et al., 2008 FEHM
(Zyvoloski et al., 199y and TOUGH2(Pruess et al., 20)2are primarily tailored for simulating
geothermal systems.oF submarine applications, codes must be able to handle the flow of saline
hydrothermal fluids over wider pressure and temperature ranges and to reselamdwbreephase
behavior. These requirements are currently only fulfilled by the academic coll#s+@$e.g. Weis et

al., 2014 and FISHESLewis and Lowell, 200Pas well as, with some restrictions concerning fluid
properties at pressures above the critical point of water, the-NaGGH2 extension of TOUGH?2
(Kissling, 20085.

Interestingly, none of the existing codes is capable of simulatingdmesnsional multphase flow of
saline fluids over a sufficiently largeTprange to investigate realistic flow patterns in submarine settings.
The few 3D simulations of submarine dyothermal systems that do exist have all been done assuming
singlephase supercritical pure water convectidnumou et al., 200&ontaine et al., 2014asenclever

et al., 2014 Travis et al., 1991 One of the reasons why this crucial development step has not yet been
done is that it remains unclear, which numerical metwodl which implementation strategy is most
suitable and efficient for robust[3 multi-phase simulations over a widelrange.

Current modeling approaches can be divided into two different concepts: (i) coupled schemes that solve
for mass and energy tramsp simultaneously and (ii) sequential schemes that decouple the governing
equations. The widely used geothermal modeling codes TOUGH2, HYDROTHERM and FEHM use
coupled schemes and resolve the-hioearity of fluid properties by iterations. This has theadages

that a physically consistent solution is obtained in every time step and that the error only depends on the
imposed tolerances. The time step size can be much larger than in sequential schemes and is mainly
bounded by desired accuracy and the eogence behavior of the iteration scheme.

The FISHES and CSMP++ codes use a sequential approach that decouples the conservation equations
of mass and energfCoumou et al., 2008_ewis and Lowell, 2009Weis et al., 2014 Note that an
upcoming revision of the FISHES code will include a coupled scheme (personal communication with K.
Lewis). The sequential CSMP++ code does this by reformulating the mass conservation equation as an
elliptic pressure equation that is solvesing the finite element (FE) methg@@oumou et al., 20Q%r

the control volumdinite element (CVFE) metho@Weis et al., 2014 From this solution, the velocity

field of each fluid phase is calculated. The energy conservation equation is split in@ieib energy

advection part and an implicit thermal diffusion part, which are solved independently. This approach
results in conservation of mass and energy but requires a thermal equilibration step between rock and
fluid to compute the noenonservativeproperties like pressure, temperature, and saturation. The
sequential approach has the advantages that the numerical method that seems best suited for a certain
type of equation can be used for each subprolflegebritsen et al., 20)0The downside is that the
decoupling between mass and energy trarisgnd the operator splitting in the energy equation result in

an error in the flow solution. This error scales with time step size and has to be corrected for in the
subsequent time step via a source term in the pressure equation. The time steprsimg ie$tricted

by the explicit advection step that has to meet the CodréedrichsLewy (CFL) criterion. As a
consequence, the size of the time step must be chosen much smaller than in coupled schemes in order to
keep numerical errors within reasofebounds and to ensure stability of the entire scheme.
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Whether a coupled or sequential approach provides a preferable combination of stability, efficiency, and
accuracy depends on the application. For example, time step restrictions are less prahl2seatan

they are in &, where solving matrix equations with a large number of unknowns is computationally
more expensive. In the case of hydrothermal circulation patterns atcesoh ridges, the existingC3
singlephase simulation@Coumou et al., 2008Fontaine et al., 20314asenclever et al., 201L4have

shown that future more realistic mytthase @ models will need toasolve seawater convection over
several kilometers along and across the raige and also vertically down to the crnsantle boundary.

In addition, several thousand to tens of thousands of years need to be simulated for capturing the temporal
evolutionof hydrothermal convection at fagtnd slowspreading ridges. While no model is currently

able to perform such a calculation, it appears likely that coupled schemes are better suited for this task
as the larger time steps make the-tinme of 3D models nore tractable. The challenge is, however, to
derive coupled schemes that ensure stability without sacrificing accuracy.

This paper investigates implementation strategies for a control volume scheme able to propltesevo
hydrothermal flow solutions thare both stable and accurate at large time step sizes beyond the CFL
criterion. This scheme, currently made for resolvinD pure water convection, allows for large
computational time steps as well as the use of unstructured meshes to resolve ceohpigoadfeatures

and employs strictly masand energyconserving advection methods within the framework of a coupled
solution that fully accounts for the rdinearity of fluid properties. It thereby integrates methods and
ideas that proved to work wetl sequential models into a fully coupled approach. The main focus during

the development was on deriving a stable numerical scheme that shows a good convergence of the
employed NewtotRaphson(NRjterations and allows for large time steps without losgcituracy. For

this purpose, different upwinding and tirsepping algorithms were explored.

Table 2.1: Variables

Variable | Meaning Unit

ce center point ofyi

cf subscript for facet midpoint

Cor specific rock heat J/(kg-K)

dtcrL CourantFriedrichsLewy time step S

dtour outflow time step criterion S

dx distance between nodes m

E total energy in fluid and matrix J

Fik facetk of control volumd m

ft scalar product of hydrostatic pressure gradient and| Pa/m
normal vector ofacet

fw upwind weighting threshold Pa/m

g gravitational acceleration m/s?

hy fluid specific enthalpy J/kg

hm mean specific enthalpy J/kg

Nm,source mean specific enthalpy of source fluid J/kg

K mean conductivity ofock matrix and fluid W/(m-K)

k isotropic permeability of porous medium m?

kit relative permeability -

n number of grid nodes -
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A, outerward pointing unit normal vector field of the conf -
volumei
A, outerward pointing unit normal vector of the cont -
volumei of facetk

N number of facets of a control volume -
Ni finite element shape functions -
p pore pressure Pa
Qm mass source Kals
Qe energy source J/s
Om mass flux Kg/(m2-s)
S liquid saturation -
S vapor saturation -
t time S
T rock and fluid temperature °C
up subscript for upstream node
2 Darcy velocity m/s
Wi upstream weighting factor -
X arbitrary point in domai
Xe arbitrary point on a facet
o} fluid viscosity Pa-s
It fluid density kg/m3
Jm mean density of fluids kg/m3
Jr rock density kg/ms3
q modeling domain m2
qi control volume m2
qil partl of control volume m2
Oq boundary of control volumee m
d time differencing weighting -
a porosity -

2.3 Governing equations

The | aminar fl ow of a fluid trough a porous

multiphase flow and an isotropic permeabikiythe Darcy velocity of each fluid phase is defil as:

ki

v = K
f

( ® r59)

(2.1)

All variables are defined in TabR1 and subscript is eitherl (liquid), v (vapor) ors (high-pressure

fluid).

medi
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In this study we consider pure water so that only the dense liquse phd light vapor phase caregist.

Above the dtical pressure of pure watgp € 22.06 MPathe fluid is always in a singlghase state but

its properties change continuously. The phase region above the critical temperature and pressure is often
called supercritical, where the fluid state changes gradually from Jiidggido vaporlike across the

critical density of water (fgi. 2.1). For pragmatic and numerical reasons we handle fluid above the critical
pressure as a separate artificial phase in order to circumvent known stability issues in previously
proposed coupled schemes around the critical point of wWHiEgyba and Ingebritsen, 1994This

artificial phase is referred to as highessure fluid. With this definition, saturatidg, is equal to one

above the critical pressure and zetberwiseand it always applies:

S§S+§ +S E (2.2)

35 : 7 1000

2 g ".g-

3', = 2 900

gl ¢ 18 ;
30 8 = 19 Vapor like

El B /¥ 800

236

£y 3
25 o!

i

1

1

:' Supercritical fluid
{

o

Critical pressure
20

15

Pressure MPa
2
o
Temperature °C

300
10

200

100

0.5 1 1.5 2 25 3 35 4 45
Specific Enthalpy MJ kg'1

Figure 2.1: Phase diagram for pure water in presspecific enthalpy space relevant for magmatic
hydrothermal systems. Phase boundaries are marked by solid black lines and liquid saturation by
dashed lines within the twphase regionThe supercritical fluid state is outlined by dashed isolines
of critical temperature and critical pressure. This region is devided by critical density isoline into
liquid like and vapor like fluid. In the numerical scheme, we handle fluid above tlealcpitessure
as a separate artificial phase and refer to it asighsure fluid

We follow the derivation of the conservation equations of mass and eneFgyblyand Mercer (1977)
and, in accordancejake he following model assumptions:

1. capillary pressure effects can be neglected
2. rock and fluid are in local thermodynamic equilibrium
3. rock enthalpy is related to temperature by a constant specific heat
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We assume a stationary porosity and, in contrast to the derivatfaust and Mercer (1979)e do not
neglect parts of the pressurelume work and the viscous dissipation term in the energy balance as they
are, for example, not negligibly small in vagtominated system&argand Pritchet, 1997

The mass conservation equation is then given by

o

W, a. .. -
F—/=8B0a Vv, (2.3)
Ut g f1{l,v,s}

wherer,. = 8§ v S f is the mean fluid density and the summai®done over the three phases.

The energy conservation equation is given by

H_Ez I:_l’k,'mhm) 6‘ _) Ecpr_Tu
Mt H tu
8 5 .. b @4
=PIOTD =B MY 6 4+v P o4y
Gfi{lvs) = fve KKg Mt ¢ givs
Variables are given in Table 1 and the mgaacsic enthalpy is defined as:
a rh
hm — fl{l,v,s} S f (25)
afi{l,v,s} Sf f

The third term on the RHS &q. (2.4) describes viscous dissipation and the forth term amthe part
of the pressurgolume work that is not accounted for in the specific enthalpy. We summarize these two
terms into the following expression, which is then bswkstituted intdeq. (2.4):

v o ., a v
FPu 8 v(rg) =-4%(pPrE) =+ F A% p (26)
f1{l,v,s} f {lv,s} C U f {liv,s}

The resulting formulation describes the complete energy balance, in which potential energy is
transformed into viscous heating and pressotame work by buoyancy driven flow; the kinetic energy

terms are orders of magnitude smaller and hence can betedglEhese conservation equations provide

a closed system of equations, when augmented with an equation of state. As primary variables we chose
pressure and mean specific fluid enthalpy, which completely describe the fluid state under single and
two-phaseconditions (Fig2.1).

2.4 Numerical approach

2.4.1 Control volume method

The governing equations are discretized using a finite volume (FV) technique, in which a control volume
is constructed around each node of an unstructured triangular finite element rge&l2YFThe same
discretization is used in CSMP++ and a similar approach in FEHM, where this approach is named control
volume finite element (CVFE) methodWeis et al., 2014Zyvoloski et al., 199¥ This method
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guarantees a continuous mass and energy flux between two adjacent control volumes when using
elementwise differentiation. Being locally mass and energy conserving, this method is better suited for
nonlinear transport problems than standard FE metfiddiser and Helmig, 199%yvoloski, 2007.
Furthermore, it is more flexible than finite difference methods becasseictured meshes can be used.

In the FV method a control volume is constructed around each node of the finite element mesh by
connecting the barycenters of the rigées with the midpoints of the associated triangle edges. Each
triangle is thus divided into three equally large areas with the facets of each finite volume generally not
being perpendicular to the triangle edges (Fig).2rhis kind of mesh constructiacan be found in

earlier studies on modeling twahase Darcy flow, for example iremonnier (1979or a discontinuous

FE approach and iDurlofsky (1994)or a CVFE approach.

Figure 2.2: Construction of jtrdmean gnetnudtured finite\elenent tniengle mesh (black

lines)
The control volume method nsur es t hat i n i édhcconsevationtequations are | u m
satisfied. We obt ai,itheihegnal foermlatbnscontr ol vol ume q
Fogw= - n@@ rv, 8 2.7)
W I“lt w (}fl{lvs}
~ 3 O
ACdw= B TD A hrv, 0 —p+Fa\¢( g)d 28)
W Ut w g fi{l,v,s} TJ f {lv,s}

The divergence of the mass andis&angornedintd alcontoers wi
i nt e grading tedivefyence theorem. We obtain

ﬁ:&dW: - @ Vv nd (2.9)
w M Wi v}
JME .. & .. .0 . v
A-dw= o§ ® 4 hrv &dO 4%, F& v ( /9)d (2.10)
W p't “M@ fl{l,v,s} - W f {lv,s}
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wheren, i s the outward pointing unit normal vector fi

The contour integral is calculated as a stiimtegrals on facets, wheFkar e t he famddiet s of O
the total number of facets. The control volume is dividedhigokite-s h a p e d ; that aeeaach part
of one adjacent triangular element.

N/2 W N . .

a ﬁF —mdW= g ﬁa_rf\?f n,ar (2.1

1=1 W, k iFIk f {i,v,s}
N2 UE N & .6, N2 L
af—aw=a o8 ® - ahrv, &, & F #@(/0)d 12
1=1 w, pt kig C f {i,v.s} + I 1=y f {l,vs}

The primary variables pressure and mean specific fluid enthalgse discretized using standard linear
finite element shape functiolMéso that the state variables can fkelipolated to the CV facets:

P(¥=a N(¥ p (213
j=1

h(x=a N,(}h. (2.14)
j=1

wherex is an arbitrary point off, j is the index of each node and its corresponding shape function, and
n is the total number of nodes in the mesh. In the following we set mean specific ehthalpyto

avoid multiple indices. To calculate gradients across the facets we use the spatifves of standard
linearfinite element shape functions:

op(x) = B N(Jp A M) p @19
BT() =& N(T & MIT (219

2.4.2 Numerical discretization in time

For numerical discretization itime we have implemented a variable combination of forward Euler
method and backward Euler methdtk secalled thetad)-method:

w = , X t 2.1
F (u,x1) (217
ut+ D _ ut t+ D t
> =qF (u,xt) "~ {1 -¢F(ux? (218)

Depending on the choice dithis method is known under different names:

d = 0: Forward Euler Method,
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d = 1/2: CrankNicolson Method,
d = 2/3: Galerkin Method,

d = 1: Backward Euler Method

For the partial time derivatives we obtain:

+ D _ t
FWo o gh” oo (219
it D
t+ D r h )" ( rn) 4D
HE_ETY B ) - ( h)  )rE, ey (2.20
Vi b tD tD
t+ D _ ot
W _ P -P (2.21)
it D
For the mass and energy transport term, respectivelypbtain for each fluid phase
o ty D o t
. ~ a . .0 -
arvi=ed % 6 {1 -)gal (Vs (222
fi{lv,s} ¢ {vs = f {Ii@s}
o t+, D ° t
. ~ a . .0 a . _
KBT - a hrv, =X ® aQ h % o (1+)QK%T bah v r
fi{l,v,s} (;, f {lv,s} = (5‘, f {liv,s}
(2.23

The terms describing the pressumume work and viscous dissipation are

o t D ° t
e a .. (0] . ~
A v(rg)=e av(9 o L -)gaBv( 9 (2.24)
fI{l,v,s} g {lv,s} - f {Il@s}

2.4.3 Newton-Raphsonscheme

The main numerical difficulty in solving the above system of equations is the strong coupling between
the mass and energy conservation equations and the strofigewanity of the fluid properties. While

the equation coupling is treated in our schemedmputing pressure and mean specific fluid enthalpy
simultaneously during a single solve of the matrix equation, theimearity in fluid properties is
resolved by NRterations. For this purpose we write the equations for each finite volume (or agbociate
node)i in residual form:

R=4&f &ry ifir & n“"iwwzd 0 (2.25)
A

=1 " f Klv,s} | l:WII
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N A . _ 0, . N2,
G=a X -ahrv #&ar a ﬁu_pF ) — (2.26)
k=1F, C f flv,s} + I =wy, it f {l,i,s}
and obtain the folwing NewtornRaphsorprocedure:
Blem-g) X0 4) R @2
Hp; B
G [+
el B) Sk ) @ 229

Herel + 1 refers to pressure and specific enthalpy after the next iteration step tattirheSince each
nodal residuum value depends only on the adjaoeish nodes that are connected by the elements, all
other derivatives are zero and the resulting matrix is sparse. The linear system of equatvonisi sh

matrix notation is then:

AR R R _Ru 6

ol B hi g

® I : 0 ap"- po &R,

2, Y hu 0 & p o g 2.29
6 & & Guo@ths . o@m
o I o S8 &

%% 6. G Gy 3

g p hu h 1 @

The calculation oR andG; and their derivatives can be found in thgpendix (section 2.9). Since we
use an implicit numericahethod R andG; as well as their derivatives have to be calculated every time
before solving the linear system of equations.

2.4.4 Upstream weighting method

For evaluating relative permeability and specific enthalpy at the finite volume facets we impleamented
upwind scheme to overcome numerical oscillations. The variable values are averaged between values at
the facet midpointgf) and the upstream nodagp). The upstream weighting factek for each phase
depends on the magnitude of the forces drivingy #oross a finite volume facet. This can be expressed

by the scalar produétof the unit normal vector of the facet and the hydrostatic pressure gradient at the
facet midpoint:

fo=(® 8ry) 0 (2.30)

Using the fluid driving force has the benefit that no extra calculations are necessarry and that it is directly
related to the Darcyelocity and thereby energy advection, the primary source of numerical oscilations.
Similar to HYDROTHERM we further introduce an adjustable thresHglthat, when exceeded, leads
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to full upstream weightindgVe use a linear upstream weighting befgward also define an empirically
found minimum value of, below whichno upstream weighting is used:

wo=1if |[f|2 f, (2.30)

a f |

&i- 10
W, =9—/' it 1, >[f,| >M (2:32)

f é, fv/ w f 10
v 10
w =0 if [f|¢ f%o (2.33)
We define the following linear weighting of the specific etply and relative permeability:

hf = W h,up -(1 W) I;]Cf (234)
krf = W I"f,up -(1 W) Iﬁf,cf (235)

Care must be taken when different phases are stable at the upwind nodes and at the facet midpoints. The
handling of these special cases is described in detai idpbendix (section 2.9). We find that there

is no need for upwind weighting of fluid viscosity and density; it is sufficient to use upwind weighting

on the specific enthalgy and on the relative permeability.

2.4.5 Fluid properties

Hydrothermal flow solutions are known to strongly depend on the used EOS. For example, a series of
studies have shown that for a given setup, the dominant temperatures eftigkdiescharge limbs of a

free hydrothermal convection cell are primarily gotied by the thermodynamic propterties of water
(Bauer, 1998 Coumou et al., 2008Hasenclever et al., 2014dupp and Schultz, 20p0OWe have
implemented the full IAP84 EOS of pure water into a newly developed Matlab functioe. ddde
structure of this function is largely basedtha Clibrary PROST(Bauer, 1998but has been optimized

for the use in coupled solution schemiésakes specific enthalpy and pressure as input and computes
all fluid properties, saturation, and fluid state as outdquid saturationdelow the critical pressuge

defined as follows:

r,(h - h)
= (2.36)
STR- 0 An R L)
Sv =1 -$ (2.37)
We definetherelative permeabilitydentical to that in HYDROTHERM:
k,(S) =% "S >S (2.39)

ki(§)=0 S (2.39)
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whereS; is the residual saturation of liquid water, below which the liquid phase is assumed immobile.
This definition avoids steps within the permebility functiamd is therefore suitable for the
NewtonRaphsorschemeRelative permability of vapor is defined as:

krv =1 _K’I (240)

2.4.6 Code structure

ime step loop
Set size of new time step
Initialize new guess for p and h
Newton-Raphson-iterations
Calculate fluid properties
and their derivatives w.r.t. p and h
Calculate residua and their derivatives

Residua smaller than convergence threshold?
—. YES = exit iterations
Assemble linear system of equations
Solve matrix equation = new p and h
Convergence problem?
NO - next Newton-Raphson iteration
YES = restart with smaller time step

-

Post Processing
e.g.: Calculate phase velocities

Figure 2.3: Code structure. Further details are given in the main text.

The numerical implementation has been done acaptdithe structurshown in Figure.3 for a single
computational time step. At t he tBiesalcutatedfrogtheof each
mass and energy changes during the previous time step to keep the maximum relative changes in density
and/or specifienthalyy below a specified threshold.

The quality of the initial guesses for specific enthalpy and pressure strongly affects the convergence
behavior of the NFscheme. These are calculated using information on the changes that occurred over
the last timestep:
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(ht - h Dold)

ht+ Dnew — ht +ft ﬁw []:Old

(2.41)

For pressure we use an equivalent formula. This equation leads to a good initial guess if the new changes
in specific enthalpy and pressure are similar to the changes of the last time step. Thus for small time
stepsfi should be 1 while for larger timeegts the fator should be reduced to 0.5.

Next, NRiterations are performed. The inner computational sequence is based on a loop over all
triangular finite elements, in which for each element the fluxes across its three CV facets are evaluated
(Fig. 2.3). An assembly loop over finite elements instead of over finite volumes (i.e. nodes) results in a
cleaner and more efficient code structure. The final coefficient matrix is then assembled after the three
fluxes and three volume integrations have been evaluateeach element. Further details on the
calculation of residua and their derivatives with respect to nodal specific enthalpy and pressure are given
in the Appendix (2.9.2& 2.9.3. To evaluate the convergence criteriom @hoose the following norms

for each control volume:

1

_ 1
IG]= WErh G (2.43)

We find a convergence threshold in the range of 0.01 to 0.001 per pérayekr of simulatin time for
|R| and ||G | as favorable for a wide range of presstemperatureconditions. In the case of no

convergence within a predefined maximum number ofitdRations, the current time step is restarted
with a small ¢% time step size e

2.5 Code verification

We have performed a number of efienensional (1D) and twedimensional (2D) benchmark tests
with our newly developed model, called HT2_NR in the following, against the version 3.1 of
HYDROTHERM in order to test the newly developed solution schanto demonstrate some of its
advantages. In these tests, the rock properties have been kept constant. We use a poro$ity, Gfn
isotropic permeability ok = 10 n?, a rock heat capacity afy = 880 J/(kgK), a rock thermal
conductivity ofK = 2 W/(mK) and a rock density gf, = 2700 kg/m. The residual saturation of the
liquid phases; is set to 0.3.

2.5.1 One-dimensional simulations

The 1D test cases are taken fraveiset al. (2014)see Table.2), which were dsigned to test the
code behavioalong keyp-T paths in the phase diagram of pure water. We have only changed the setup
to a finer grid spacing of 5 m instead of 10 m and ran the tests-D-m@deling domain with 2 km
length and 5 m width. This leads to 400 rectangular boxes that are each sphbitriangles. In these
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tests we have neglected the viscous dissipation and the adiabatic correction terms a® those ar
considered in HYDROTHERMFor the HYDROTHERM simulations we use the same size of the
modeling domain and grid point spacing. SiltéDROTHERM applies boundary conditions in the
center of the first and last grid cell, we add an extra grid point at 0.1 m distance to both ends of the
1-D domain. Hence the first and last boxes are smaller so that the boundary conditions are moved closer
to the physical domain boundafiyhe boundary conditions of the[l tests cover all phase regions of

pure water, and a 90° rotation of the modeling domain allows investigating graetiiorizontal as

well as vertical problems in which grawitriven couner flow becomes important under tpbase
conditions. Tabl€.3summarizes all-D setups that are presented in this paper.

Figure 2.4 shows the results of six test cases in comparison to HYDROTHERM. In all tests, hot fluid
flows into the initially cold @dmain from the left side in the horizontal and from the bottom in the vertical
setup. As HYDROTHERM uses a backwanetime differencing methodKipp Jr et al., 2008 we
conduct the benchmark tests with HT2_NR also with this method addcsene (see Egs. 2.22.24).

For these tests no upwind weighting is necessary, because a sufficient numlukpoihgsiresolves the
thermal frontBoth codes show nearly identical solutions.

Table 2.2: Boundary conditions of 1D tests
Setup Boundary condition left/bottom | Boundary condition right/top
a 350°C 50 MPa 150°C 40 MPa
b 450°C 40 MPa 300°C 20 MPa
c 500°C 15 MPa 350°C 1 MPa
d 400°C 20 MPa 150°C 1 MPa

Table 2.3: Summary of 1-D-tests comparing HT2_NR and HYDROTHERM

Test Setup Orientation Upwind weighting threshold
1 a horizontal no
2 a vertical no
3 b horizontal no
4 b vertical no
5 c horizontal no
6 c vertical no
7 d horizontal HT2_NR:f, =1000 HY: 1e4
8 d vertical HT2_ NR:f, =1000 HY: 1ed

HY: HYDROTHERM
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Horizontal no gravity Vertical with gravity
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Figure 2.4 Onedimensional benchmark tests andmparison with HYDROTHERM. Simulations are in
horizontal orientation without gravity (Test 1,3,5) and vertical orientation with gravity (Test 2,4,6)
Solid lines show results of HT2_NR (temperature in red, pressure in blue) and dashed lines results
from HYDROTHERM.
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Another set of experiments addressespliase conditions. In setup (d) 4@ hot vapor is injected into

a rock saturated with liquid water at 18D. The pressure conditions are below the critical point of water
leading to a boiling zone beldrthe thermal front. In contrast to the singlease simulations, upwind
weighting is now necessary to prevent oscillations that would form at the thermal front and propagate
into the boiling zone. In HYDROTHERM, the upwind weighting threshold is the hjidiaressure ratio
between two cells, which leads to a full upwind weighting factor at values greater than 1 and to a
logarithmic decrease of the weighting factor at lower ratios. We have found thresholds for
HYDROTHERM (0.0001) and HT2_NR\(=1000 Pa/mjhat give for both orientatits, horizontal (Fig.

2.5 Test7) and vertical (Fig. 2.5 Test 8), an almost perfect match between both codes. At horizontal
orientation, the boiling zone shows a mobile liquid saturation slightly above 0.3. At vertical arientat

the boiling zone is enlarged with a higher liquid saturation

Horizontal no gravity Vertical with gravity
Test 7 after 200 years 20 Test 8 after 1000 years 20
400 ' ' ' 1 400 ' ' ' ]
o 350 115 350 -
= o
S 300 f 1 300 | =
g 10
Q 250 | 1 250 | 2
5 £
200 19 200}
1560 ¢ ; : : 0 150 ¢ i i : 0
0 500 1000 1500 2000 0 500 1000 1500 2000
Distance [m] Distance [m]
) Test 7 after 200 years ’ Test 8 after 1000 years
= 0.8
Q
©
= 0:64]
©
n
© 0.4
P I
o
- na
0 . * . 0 g . :
0 500 1000 1500 2000 0 500 1000 1500 2000
Distance [m] Distance [m]

Figure 2.5: Onedimensional twephase simulations in horizontal (Test 7) and vertical (Test 8) orientation.
Solid lines are from HT2_NR (temperature in red, pressure in blue, liquid saturation in green at the
lower part) and black dashed lines from HYDROTHERM. Upwirgdghting threshold is set f@
= 1000 Pa/m for HT2_NR and 0.0001 for HYDROTHERM
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2.5.2 2-D two-phase tests

For the 2D two-phase tests we model a 2 km x 2 km box of a cold rock 4 With a basal heat source.

We use a medium (8 W/m?) and high (15 W/m?) lleatboundary condition along a 500 m long central
section at the bottom and a low heat flux boundary condition of 0.05 W/m? elsewhere at the bottom. At
the top is a fixed pressure boundary condition of 1 MPa and a temperature boundary conditf@) of 10
and we allow for free fluid inand outflow. All other sides are no flow boundary condition and insulating.
Full upwind weighting is used (i.ex = 1).

In HYDROTHERM we use a uniform grid spacing of 25hat leads t80 boxes in each row and column
and atotal of 6561 grid points. With HT2_NR we use a regular grid of 60 x 60 boxes, which are each
divided in four triangles with an extra grid point in the center of each box. This grid has 7321 points.

The first test case assumes a medium basal heat flsix\fn2 and results in boiling and the rise of a
two-phase thermal plume (Fig. 2.6). The comparison with HYDROTHERM shows less agreement than
in the D simulations. HYDROTHERM predicts a slightly faster and more localized ascent of the
boiling zone than HZ_NR. This tendency of HYDROTHERM was also noted/tgis et al. (2014)

The high heat flux simulation (15 W/m?) initially shows two small upflow zones that later merge into
one plume (Fig. 2.7). Compared to HT2_NR, HYDROTHERM shows a faster propagation of the thermal
front after 1000 years.
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Figure 2.6: Contour plot of twedimensional simulations with medium heat flux 8 W/m2 and full upwind

weighting. Comparison between HT2_NR (solid red, blue and green) and HYDROTHERM

(dashed black)
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Figure 2.7: Contour plot of twedimensional simulation with high heat flux 15 W/m2 and full upwind
weighting. Comparison between HT2_NR (solid red, blue and green) and HYDROTHERM
(dashed black)

2.5.3 Subaerial simulations

Boiling and condensation phenomena are especially difficult to handle und@rdesure subaerial
conditions, where the density contrast between the liquid and vapor phases are near their maximum. The
robustness of the solution method in such a settimgbeatested using the example of multiphase
groundwater flow near a cooling plut@iayba and Ingebritsen, 199 Here we have modeled a shallow
magmatic intrusion driving a hydrothermal system, including fluid flow near the crgmat and
two-phase flow at pressure conditions from atmospheric to the critical point. The model setup comprises
a homogeneous area of 4 km depth and 4 km width with a permeabil@yaha, which is intruded by

a 900°C hot pluton with a half widthfd00 m (note that symmetry is imposed on the lateral boundaries)
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and 2000 m height. The permeability of the pluton is held consta@t&t® to avoid fluid flow within

the pluton. All other rock properties are as descripted in section 2.5.1. ThelE@wlahe bottom are
impermeable and insulating. At the top, we use a free venting boundary condition as desdhibed in
Appendix (section 2.9) and set atmospheric pressure conditions. The upwind weighting threshold is set

to fuw = 500 Pa/m and = 2/3for the time differencing scheme. The mesh is refined along the edges of

the pluton. Fig. 2.8 shows results 500, 1500, and 4500 years after the magma has been emplaced. After
500 years, a fastowing upflow zone next to the pluton is established withgeratures of up to 40C.

A pure vapor zone forms above the pluton. At 1500 years theltase up flow zone above the pluton

has a liquid saturation between 0.8 and 1. After 4500 years venting of both vapor and liquid phases
occurs.

500 yrs

1500 yrs
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-1000

-1000

-1500 -1500

Depth[m]

2000

-2500 -2500 -2500

-3000 -3000

0 500 1000 0 500 1000 0 500 1000
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Figure 2.8: Color plot of fluid temperature and location of water phases. L+V denotegplhase regions.
Detailed view on upper left side of modeling area after 500, 1500 and 4500 years. Black arrows
show liquid véocities and red arrows show vapor velocities. Vapor velocity arrows are scaled fifty
times shorter than liquid arrows. Fluids higher than critical pressure are labeled with
AHi-mhmessure fluido.
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2.6 Accuracy, stability and efficiency analysis

2.6.1 Upwind weighting

Figure 2.9 & 2.10 show the impact of reducing the upwind weighting for theditwensional
benchmarks presented in section 2.5.2. We chose a maximum upwind threshelti58f0 Pa/m. This
value ensures that numerical oscillations are very short lived and do not affect dmniRgence.
Lowering the upwind weighting results in a faster propagation of the thermal front towards the top,
leading to temperature differencestlween 30°C and-10 °C after 1000 years and a slightly different
shape of the rising plume in theethum heat flux simulatiorHg. 2.9).

The high heat flux simulation, being more advection dominated, is more sensitive to the chosen upwind
weighting. InFigure 2.10 the lowered upwind weighting leads to the formation of two adjacent plumes
after 500 years and to higher temperatures at the bottom after 1000 year. When advection becomes
stronger the low upwind weighting leads to more focused upward flowhwsults in significant local
temperature changes of ~80 at the top thermal front.



54 Chapter 2
1000 1000 yrs 1000 2000 yrs
E
K=
= -1500 -1500
[
a
-2000
500 -500 0 500
Distance [m] Distance [m]
4000 yrs 8000 yrs
0 0
-500 -500
E
£ -1000 -1000 %
Q.
O
(=]
£
8
-1500 -1500
-2000 -2000
-1000 -500 0 500 1000 -1000 -500 0 500 1000

Distance [m]

Distance [m]

-60  -40

-20 0 20 40 60

Temperature difference [C°]

Figure 2.9: Temperaturdifference plot (less upwind(= 1500 Pa/m) minus full upwind) for the 8 W/m?2 bottom
heat flux test case (cf. Fig. 2.7). Temperature isotherms are plotted for full upwind case
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Figure 2.10: Temperaturalifference plot (less upwind,(= 1500 Pa/m) minus full upwind) for 15 W/mz2 basal
heat flux. Temperature isotherms are plotted for full upwind case

2.6.2 Time-differencing and time step size limits

In our model we use two different time step criteria. These are the maximum allowed diatiges

i n speci f canan tdhep parimestepin Figure 2.11 we show the results of fluid
advection flin combmatora with ¢he ldackward in time differencing £ 1) and
CrankNicholson methodd = 0.5) using test case Eor d = 1 increasing time steps lead to higher
numerical diffusion. Fod = 0.5 very little numerical diffusion is introduced when the time step size is

i ncreased. However, t h ehih & 0.1i0)saboaernwhich mgdesrexpgriangestéoc a |
high energy changes per time step leading to an overshooting near the thermal front.
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a) Test1 after 250 yrs, 0 =1 b) Test 1 after 250 yrs, 0 = 0.5
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Figure 2.11: a)Results of test 1 (see section 2.5.1and Table2.8)4or 1 and for di fflemrent ti me
b) Results oftest1fafl= 0. 5 for diffehknt time step criteria

The behavior of the different tirifferencing methods changes @ndtwophase conditions.
Figure2.12a shows that during boiling and condensation, fluid properties and not nurifisidn

control the shape of the thermal front. The time step size has only a minor impact on the results but an
upper limit is reached when oscillations occur and the convergence behavior deteriorates. The time step
size could be further increased lding more upwind weighting to reduce such oscillations. It should

be noted here that the usage of the density-sinhee p p i n g }/icis prefembld to the eathalpy

criterionad/h under twephase conditions because it is more sensitive to the langéydehanges during
boiling and condensation.
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a) Test 6 after 1000 yrs b) Test 6 after 1000 yrs
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Figure2.12 a)yResul ts of test 6 (see section 2. p/p.Fhowennsd Tabl
the mean specific enthalpy along th® Profile. b) Results of test 6 comparint= 1 }/&=0&5
againstd= 0 . 54 = @&5. $hown is density along theDlprofile.

263 2D accuracy and ef fi-dffeencioggmethoeist s of t he d ti

We have further investigated the benefits of using ditéme-differencing scheme using the high heat

flux 2-D convection simulations presented in section 2.5.2 as an example. A way to measure efficiency
of thed-method is the total number of NEerationsuntil a certain simulation time has been reached.

For the NR convergence criterion we have used a residual tolerance of 6% mhich leads to an

error smaller than +10C at the thermal front, and use a medium upwind threshdld 0600 Pa/m.

The time step size is controll ed BRlypettimestemmandi mu m
time steps are allowed to increase by no more than 10% from one time step to the next. Figure 2.13a
shows the total number of Nierations ford = 1, d = 4/5 andd = 2/3 as a function of the mean time

step size during the calculation, which in turn is controlled by the different constraints on the maximum
density change over a time step. In panel b) the average numberitefrBlRNs per time step is plotted
Foreachvalueao,we f i nd a c @/ valaées that resulhig leoth stdble eemputations and

good convergence of the NEerations (Fig2 . 1 3 a) . Bel ow a }fg,¢imetsiep sicest hr e
become very small and oscillations can occishatrp fronts, which can only be damped by increasing
the mesh resolution. 4btleewvmember of NRaraticms per timehstegandh o | d
the number of failed attempts increases sharply.d=or 1 , the stabjfje0bddasmdge st
extends to 0.5, with the number of failed attempts steadily increasing with the maximum allowed density
change per time step as shown be the offset between the solid and dashed lines. Lowering thé value of
results in a smaller zone of numerical sifpibut the total number of required NErations has
decreased and thereby the total computational effort. There is, however, a limit to how large the explicit
component can be: no numerically stable range was fourdiGor 0 . 55 . Over althbd t he
showed the best performance by allowing for the largest time steps and lowest total number of
NR-iterations to complete the simulation.
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Figure 2.13. a) Plot of NR-iterations per simulation vs. mean time step sizelfoll,d = 4/5 andd = 2/3. Numbers

The average number of NEerations per time naturally also depends on the convergence critedon a

show the time step

mi t i

ng

criteri onureld )

and 2.15b) Plot of NRiterations per time step vs. mean tistep size fod=1,d = 4/5 andd = 2/3.
The black dashed line shows for comparison an equal increase-idéfdfons per time step with

time step size.

and

thus on the allowed error in the coupled solution of pressure and mean specific enthalpy. We have tested
this systematically for the Galerkin method and found that reducing the convergence criterion by a factor

of five also reduces the temperature elmpithe same factor (+ZC at the thermal front) but leads to
approximately a doubling of the required fitBrations.

In order to evaluate to which degree of accuracy is preserved in simulations using large time steps, we

have compared the results of teledmember simulationsi(=

1 }/R=085vsd=

2/ By =8.4,%

see red and green circles in Fig. 2.13a). @hke2/3 calculation uses an approximateljirbes larger
time step than thd = 1 run (Fig.2.13). Figure 14 shows that the differenceseimperature are lower

than £7°C. Hence, the loss in accuracy when using largesirgps withd = 2/3 is smaller than the error

introduced by pwind weighting (cf. Fig2.10).

Ci
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The possible increase in time step size in coupled simulations egifiect to sequential schemes is
visualized in Figre2.15, which shows the distribution of time step sizes of simulation runs marked by
circles in Figire2.13a. For comparison we have calculated the CordedrichsLewy (CFL) criterion,
which is used aan stability criterion in the decoupled numerical schemes in FISBE&&s and Lowell,

2009 and CSMP++Coumou et al., 2008Veis et al., 2014 The CFL criterion is defineds

F dx |

d ¢ min ..
fer (v, +V, ) AP

(244
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wheredxis the distance between the two nodes corresponding to the fadetiaioe normal vector of
the facet. We have also calculated a second time step criterion ensuring that the mass flux of each phase
out of a CV is less than timass of that phase within the CV:

dt , ¢ min- FSrn W (2.45)
en o )
éa N/ V; @, dr u
ék:l Fi (gtﬂow

This criterion was introduced B¥veis et al. (2014Jo avoid oscillations in the highly compressible
two-phase region and is a physically meaningful extension of the CFL criterion to variable density flow.

During the first 1000 years the maximum allowed density change criterion in the coupled scheme leads
to small time steps, because the high density gradients lead to rapid density changes at the bottom nodes.
Afterwards, upon formation of a stable tywhasezone, the density gradients become smaller and the

time step size increases to more than hundred times the CFL criterion for the most efficient parameter
choice (green curve).

Distribution of time step sizes
I I I

' ' 9=1, Aplp=0.05
0 =4/5, Aplp=0.15
0=2/3, Aplp=0.4
2 L CFL Criterion
10 Outflow Criterion
@
o}
= 10" F
©
N C
) L
- ‘\
{5 \
w
o \
E L !
'_
0 .
10 ,I\ hl
LI Iy
' L ]
107 s
1 1 1 1 1 1 1 :
0 500 1000 1500 2000 2500 3000 3500 4000

Simulation time [years]

Figure 2.15.  Plot of time $ep size vs. simulation time for three selected simulations marked by circlesiia Fig
2.13. Light colors show every single time step size, while bold colors show a raxérage time
step size (30 steps average for red and 10 steps average for green and blue). CFL criterion and
maximum mass change per control volutBg. (2.44) criterion ge calculated during the simulation
shown in red.
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2.7 Discussion

We have investigated theehaviorof a novel coupled Cbased scheme for simulating mpgtiase pure

water convection under sudéind supercritical conditions. The varioub1ests show a perdeagreement

with HYDROTHERM. In the 2D free convection tests HYDROTHERM predicts a somewhat faster and
more focused upward propagation of the hot thermal front. Here, grid orientation and resolution play an
important role in the numerical solution of mgthermal flow problemgWeis et al., 2014 In
HYDROTHERM the grid points do not have a direct diagonal connectivity and mass and energy fluxes
are evaluated by finite differences only between neighboring points in the horizontal andl verti
directions. This may result in the more copped propagation of the thermal fror&.{rid.he here used
FV-technique on unstructured meshes does have a good diagonal connectivity between grid points and
their corresponding control volumes. This le@adsa somewhat flatter thermal front with a broader
two-phase region. It thus seems that unstructured meshes are not only useful to resolve complex
geometries but also to avoid meskroduced preferred directions of mass and energy transport in the
numercal solution.

The details of the used upwind weighting are another important factor that can result in a certain model
dependence of a numerical solution. Upwinding is clearly required in both sequential and coupled
schemes but the degree of upwindinget$ the results. The results shown iruFe®.9 & 2.10 illustrate

the impact of a reduced upwind weighting on the-sadfinization of plume formation. Using full
upwind weighting maximizes the stabilizing effect but results in severe numerical dispérbialance

has therefore to be struck between stability and accuracy. We have implemented an algorithm that for
each finite volume calculates an upwind weighting factor as a function of fluid driving forces on the
volumebs facets. (0 tatsmplementdd inddYDROTHERMreENd represents a
practical way of minimizing the upwind weighting yet preserving stability. It takes advantage of the
finding that upwind weighting is often only necessary in thevase flow regions.

In coupled schemetike the one presented here, the numerical efficiency depends on the relationship
between the number of NiRerations per time step and the time step size. A good measure for this is the
total number of iterations needed per simulation run (Fig. 2.13agtsTwith the implemented
d-time-differencing method show that the most efficient combination of time step size and required
NR-iterations is obtained with the Galerkin methdd=(2/3). With this combination we obtained the
highest speedup (the lowest noen of total iterations), while the fully implicit tirrdifferencing method

(d= 1) gave the lowest speedup with respect to the CFL criterion. Accuracy in large time step simulations
is also higher when using the Galerkin method.

Intrinsic to the NRscheme is a linear approximation technique, yet the variations of the residua with the
iteratively updated values of pressure and specific enthalpy at new timeHete highly nodinear.

For example, the derivatives of the masd anergy transport terms (dégs. 2.22 and 2.23) can change
sign inbetween iterations when boiling occyirBlyakorn and Pinder, 19Y8nd these derivatives within

the Jacobi matrixEqg. 2.29) can then lead to poor convergence ofsiieme. The Galerkin time
differencing method can help to mitigate this effect. By lowedifigm 1 to 2/3 the dependencktbe
transport terms and also of the residuandG; on pressure and specific enthalpy at time |évedsis
reduced (sedegs. 2.222.23). The consequence is that the derivatives of the transport terms (see
Appendix section 2.9Fgs. 2.63-2.66) have a smaller weighting and are less dominant in the Jacobi
matrix leading to a reduced number of IN&ations. However, a higher explicit part of the transport
terms comes at the cost of reduced stability and even-lgreatt oscillations can cause swve
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computational efficiency losses. We found a valuefef 2/3 to be best suited for most tpbase
simulations and that a reduction beldw 0.55 causes too severe stability problems to be useful.

Increasing the time step size generally leads to mMiRéterations per time step, especially under
two-phase flow conditions. This mainly results from a reduced quality of the initial guess for the
subsequent time step, which can be relatively poor when several nodes experience a phase change that
did not @cur in the previous time step. This raises the question whether coupled schemes really offer a
better overall performance with respect to sequential schemes if larger time steps come at the cost of
more NRiterations(e.g. Geiger et al., 20D8-igure 2.13b shows that for the discussed types of problems

the speedup resulting from largané steps clearly dominates over the costs of more iterations. There

is, however, an upper limit to this when the #imarity in the basic equations too often results in a
divergence rather than convergence of the residua. In this case, the time stepeheepeated with a
smaller step size and/or modified initial guess. The terminations of the lines shownraZia at

high time step sizes mark this limit. Increasing the time step beyond this limit leads to a rapid increase
in the required numbaedf iterations or even no convergence at all. Again an explicit component in the
time-differencing scheme helps to stabilize large time steps, and the largest time steps are possible with
the Galerkin timealifferencing scheme. It remains nevertheless ehglhg to develop automated time
stepping algorithms that find the parameters that allow for an optimal balance between time step size and
good convergence behavior of the IN&ations.

The above considerations need to be kept in mind when evaluatef§¢lency of the two main solution
techniques for modeling hydrothermal systems, the sequential (decoupled) and coupled approach.
Al t hough fAobjectived benchmarking of the differen
between different code some insights can be gained by comparing the numerical effort for each time
step. In the here described>2coupled approach one single matrix equation of fyxeb, whereA is a
sparse, asymmetr i canx npsqthundeirg thenanber of mesb fiodes, has® [ 2 A
be solved during each NiRration. The decoupled/sequential approach has to solve two matrix
equations for calculating the pressure and temperature fields, and has to perform two explicit advection
steps for mass and enerdya ktandard finite element method is used, the matrices in these two equations
are sparse, symmetric, and only of siaex h]. The advection steps are in comparison computationally
cheap. In the best case, no iterations are required in sequential sthitrimegractice some iterations

are required to ensure the CFL criterion or additional constraintsEg.@.44) for stability reasons

(Lewis and Lowell, 2009Weis et al., 2014 If the time step size exceeds the CFL criterion, which is

only known after solving for the new pressure field, the time step size needs to be adjusted and the
computation of the respective time step must be repeated. In the best case, the minimum number of
solving these two matrices is therefore the number of time.sBigng a comparison for the high heat

flux set up in section 2.5.2 we estimate from the CFL criterion (Fig. 2.15), which is on average 0.5 years,

a minimum number of ~8000 time steps for the decoupled approach. For the same simulation time only
about 200 NR-iterations are required using our coupled method. The real time step size and error of the
decoupled scheme are not accessible to us but the findings nevertheless provide a strong hint that the
coupled method leads to significantly fewer N&ationsthan number of CHtime steps. This, under

the simplifying assumption that the computational cost of one time step in the decoupled scheme is
approximately equal to one NReration in the coupled scheme, implies a significant overall
performance increase
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2.8 Conclusion

We have presented a numerical solution scheme for simulating magmatic hydrothermal systems that is
based on a contreolume technique for solving simultaneously for mass and energy conservation using
NewtonRaphsorterations on unstruated meshes. A variable upwind weighting scheme for specific
enthalpy and relative permeability is used to suppress oscillations along with -teleso
thetatime-differencing scheme for higher accuracy and efficiency. It thereby integrates methods and
ideas that proved to work well in sequential models into a fully coupled approach. This allows for stable
and accurate hydrothermal flow solutions at large time steps, which results in a significant reduction of
the computational effort with respect to pmsly proposed sequential schemes. The novel numerical
scheme is presented for the simplified case-Dff#ure water convection but is, in principle, extendable

to 3D and to the system B1 NaCl. The obtained speedup in comparison to sequential/decoupled
schemes is likely to make[3 simulations more tractable, and the insights gained on how to handle the
norinearity of the basic equations will help dealing with the additional complexities of saltwater
convection.

Further work needs to be invested irtie tinalysis of how models can be made more realistic in terms

of chemical reactions and the coupling to deformatingebritsen et al., 20)0In coupled simulations

of hydrothermal flow and tectonic deformation, the increase in model integration time teediund
thousand years and mdieheisserKrah et al., 201pmay render explicit advection steps intractable and

may actually require a coupled approach. Likewise, the stedtfinite difference grids used in some
hydrothermal flow models may be incompatible with the use of Lagrangian meshes that follow solid
deformation(McCartin, 1998 thereby making the mechanical coupling more challenging. We have
presented here a coupled modeling approach facilitating the use of large time steps on unstructured
meshes that we hope will prove useful for the future development of realistic multipHase 3
hydrothermal convection models.

2.9 Appendix

This appendixcontains additional information on the numerical method presented in the main text. In
section2.9.1we show how different boundary conditions can be implemented including a free venting
boundary conition for submarine studie§ection 2.9.2rovides further details on some special cases
for upwind weighting of mean specific enthalpy and relative permeability at phase boundagetiolm
2.9.3we show in detail the calculation of the Jacobi matsid in the NewtoRaphsoriteration scheme

and insection 2.9.4ve derive local coordinates of triangular elements, which are used for the numerical
evaluation of surface integrals.

2.9.1 Boundary conditions

Fixed pressure, specific enthalpy and temperaturboundary condition:

Constant pressure boundary conditions are achieved by maintaining the selected pressure values during
the calculation of the adjacent residuglandG; constant. The rows that comprise the residignare
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removed from the linear sygn of equations. Also the columns of the matrix that comprise the
derivatives oR andG; with respect t@y are removed. This establishes a mass flow through the boundary
control volume and allows for free venting.

Constant enthalpy boundary conditi@re implemented the same way. The selected boundary enthalpy
values are integrated in the calculations of the adjacent resRid Gi. The rows that comprise the
residuumG; are removed from linear system of equations. Here also the columns of ttire thre
comprise the derivatives & andG; with respect tdy, are removed. This establishes a conductive heat
flow into the boundary control volume that is controlled by enthalpy gradient at the facets of boundary
control volume.

Choosing pressure and enthalpy boundary conditiomfar, hi, h,, leads to following system:

apjR, | R R _Bu 6

=, R, he 3

e : : 0 dpt-p, 0O -R
0 & . 0 &

AR, . R, R RLog@ 6 =

2 Hp, P, fu hy O &y-p, O .

& o &', 70 = (2.46)

&G B @ G s eht-h g %,

2 0 & 0 &

o 1 f}l.l . nu o gn';l. 8 '

® . : : " : o &hi- N, 2 é}

B . B G, . G

C HP, B, . m hllll -

When choosing a temperature boundary condition for a boundary node, a corresponding specific
enthalpy has to be computed before each time step. The specific enthalpy is calculated from the last
pressure value and the chos&smperature using the equatiofistate. During the Newten
Raphsoriterations this spafic enthalpy is held constant.

Flux boundary condition and fluid source

Constant and variable heat and mass flux boundary conditions have also been implemented. Flux into a
control volumei over a time step will be computed and is added as a source term to the respective
residuumR; or Gi.

A fluid source defined with mass soerrateQmand with a specific enthalpym sourceCan be treated.
Energy source rat®m sourceiS than defined as

QE,source: Q rrh m,sourc (247)

A fluid source can be added to one control volume or divided over a greater area to more control volumes.
As source terms are independent of pressure and specific enthalpy they drop out in the derivtives of
andG
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Seafloor boundary condition

Hydrothernal simulations should compute precisely the mass and energy flux through the seafloor. To
achieve this objective a boundary condition has to be chosen that leads to an inflow into the crust with
cold seawater and to an outflow into the ocean with asceneiimgerature of the upwelling fluid. For

this purpose, a pressure boundary condition is set on all top boundary nodes. Bevor each time step, we
calculate and sum the flog/m; of a boundary control volume (Fig.16) into the adjacent control
volumes (thdlow from the control volume out of the modeling domain is not calculated). If it is positive

(the flow into adjacent control volumes is positive), the boundary node gets for the next time step a
temperature boundary condition using water temperatuteeagda floor. If it is negative, we calculate

for this control volume an implicit heat flux boundary conditi@nwhich is updated during Newton
Raphsorterations:

t+ D ~a é‘ -u — 6 @--
i = N¥eed V¢ o6 ®dr (2.48)
m c (;fi{l,v,s} = 9
Q= 4H""d," (2.49

h Pis the mean specific enthalpy at nod@; is added as source term to the respective residiulh

there is a twephase flow (vapor and liquid) into the boundary control volume, we calculate a specific
enthalpyhn,, which we use as boundary condition:

(c(cz+ du) B {d® 4) 1)
(C(dT:|D+dn,l) '(dm:m ﬁnv))

wherec is a factor that should be between 1 and 100 and depends on top pressure chnd#itre
specific enthalpy of the liquid phase amg is the specific enthalpy of the vapor phase at the chosen
boundary pressure condition in the tplease region. This switch is necessary for a fast convergence of
NewtonRaphsoriterations.

h,; = (2.50)

Domain Boundary

Figure 2.16:  Boundarycontrol volume



66 Chapter 2

2.9.2 Special cases for upwind weighting of mean specific enthalpy and relative permeability

To calculate the weighted relative permeability and specific enthalpy of the liquid phase, we have to treat
thefollowing cases for each phase:

Liquid phase:

h :h’up and k, :k,’up if h}up ¢ and h, Gandh, O (2.5))

h=h; andk =X if h Gandph, Gandh, O (252

h=wh, 1 w)hy and k ks if b, Ozandf, ( (2,53

h=wh, €1 w)h, and kK Lk if h, Ozand b, (2.54)

Vapor phase:

h/ = If‘/,up and Kv :Kv,up If h/,up @ and h/,cf @: and I‘L,cf 0 (255)

h=h, andk, =%, if Ry Gandh, Gandh, O (2.56)
h/ :V\(/Q,up -(1 V\(/) h/,cf and Kv I‘rﬁ,cf If lg,up O and h/,cf ( (257)

hl :V\(/h/,up -(1 V\(I) I‘;,Cf and I$V I‘rﬁ,up if I'-\]/,Up O and ll,Cf O (2'58)

Artificial high-pressure fluid:

h=0 andk, =0 if h , >0 and, (2.59
h=0 andk, =0 if h ,k =0 and, (2.60)

If the artificial highpressure fluids exists at a facet midpoint and a vapor or liquid phase exist at an
upwind node, we calculate thandw for each phases liquid or vapwith fs ¢t (seeEgs. 2.53and2.56),
because the highressure fluic can potentially convert into both phases at the critical point.

If the highpressure fluid is not present and if liquid or vapor phase only exist at a potential upwind node,
fiv is calculated with 1, and}v,up respectively. Aftef is calculated, theotential upwind node is then
either confirmed or not. If not, the phase will not be considered. OtheBgssé2.51) and @.55 apply.

2.9.3 Calculation of residua and their derivatives

Numerical integration of the mass flux and the energy flux over facetakulated with one sampling
point at the facet centéVe define local coordinates as:



Chapter 2 67

Numerical integration of volume integrals are calculated with one sampling point at each kite barycenter
ce We define local coordinates as:

_ 8227 g 78 22 (262

T 36336 3¢

To calculate derivatives of residua to nodal prespusmad mean specific enthalpyat time levek+ad,
we have to consider actual values at time |évat and obtain:

N Au(rv ) wza o
%Z qkalpﬁf l{va;}éag(ijf) 0 it 11:?&, (%Ji:_tgr_;ug d (2.63)
N 2 o\ ‘&P N2 . Ty
%: qglpﬁf l{l,;a.;}%“(rfT-Vf) g ngur |1§v" %ﬂ g (2.64)
o _ 4 A u(E) . (hrv) 8 oveoL e
K, qka:.l F[? U o1 8 Qj ,13/"11 5? u g (2.65
t4D e

N/2

N A o v,) 6 .
mj—aar@ B B ner a—q?

(2.66)

|-aoF

Notethat we neglect if£gs.(2.65 and @.66 the derivatives of the viscous dissipation term and of the
term that contains the part of the presstotimework that is not accountedrfin the specific enthalpy
(Eqg. 2.6) as these are very small and do not influence the convergence behavior.

The values within volume integrals are calculated at kite barycenters via shape functions:

ry»(C6 :é N,-(CQ i (2.67)
E(ce = Pé_ N(cgr,, na N(ceh@ -) Epp_né_jl\{ e (2.68)

We obtain these derivations of eqp.68 and (269):

o — | m,j
—M(ce)J= N ( cg—— 2.69
(=N (9 269
s _ Wi
—M(ce)J= N (cg— 2.70
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E(ce) = AN (ce alll

I @ IEg N gel @71
o, n !

1E (cq)= F?gvj(ce“fT:" G cp #, N Qeglt ) /Fr N te% 72
(; =

h
We obtain following derivatives of the masgidreat flux using product rule:
H(reve) Weg p W 273
l'lpj i H’l
uir V) LoARVE . (2.74)
bR p
W) WY g g By gy, (2.79)
HP; Y PH R
p(hrv) _ph A VH
=—r.V —V, — (2.76)
Ith H Ve m N h] |

In Eq. (2.795 we set:ph/ R G because in the orfghase regionquh/ o} is by definition zero and
in the twephase regiomh/ o} is usually negligible or becomes ttigh near the critical point
(Fig. 2.1).

Deviating vV, = k%( () r?g) product rule must be used. Settipgrf/ P, G, having the same
f

reason as foph, / p; we obtain:

W oo am1o oo 14 o 27

v nge a7t PPrid) pEN Pt @)
W, _ ko ke 1 B g 1 0 Brg 13 (%ﬁ (2.79)
b KBpa P9 gl PO T g

As fluid properties were calculated wiprandh at facet, we obtain this rule for all propesa:

”a(xp)=—p‘?(>$)—3§>$) =—Qéf N (%) p—( %) = >§)—Z( xz (279

o P i

wherexg is an arbitrary point on the facatVe obtainfollowing derivatives of gradientsEfs 2.15 and
2.16) at facets:
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oor0) = F (N n) =0T (e (280
p _Ho& _ KT
oot = B (N(IT) =0 (28
o700 = A (N T) = 252

The specific enthalpy and relative permeability are upwind weighted. This has to be cadrfsiddreir
derivative:

Mt =w e N ()R e @289
%:(xp)m -vw)Nj(xs)%(xs) I .U (284
) =w e N )R e @89
%(&)41 -vw)Nj(xs)%(xs) 7o (2.86)

For calculating relative permeability we obtain fr&aps. (2.36) to 2.38) of main text:

ps _-r(h(Cr-uy e M) (Ce(or A= W)

. (2.87)
“h (h(rl- C) '(h |r|ﬁ\] v))
Koy 1 B
ph(S)—1 s ¢ ® (2.89)
MKy ey - n 2.89
n ()=0 $ (2.89)
Wy _ B (2.90)
ph h

In section 2.9.1 (seafloor boundary condition® have derived an implicit heat flux boundary
conditionQ (Eq. 2.49. We obtain derivatives as follows:

p’_Q| = _ht+ b u'qrtTT,iD
HP; 3

i (2.97)
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I“lQ| — I'lq:,iD t+ D FTR
Luan P i 2.92
i h h j (2.92
t+ D
W _ an,i hO® (2.93)
|

1 _ i pog 1 p

E_ i T h ] (2.94)
|

Note that for this boundary condition a fixed pressure boundary is fixed and therefore for all boundary
nodeg no new pressurpg is searched for.

29.4 Derivingl ocal coordinates of jbarycenter of kite

They are derived by spl i tjwon theglong ddge amdicalcalatirsghthe p e d
barycenter of both triangle$-{g. 2.2). The local coordinates of the triangular corners are:

41116 181 § 113
=(1,0,0 b & -2 2¢ =20 =2
(0.9 {332 B ¢ 2

The barycenter of triangle are the midpoints in local triangular coordinates:

. all 2 5
ce =1/3 b g+ = — 2.9
¢ & 9 geq8 18 18 (299
. all 5 2
cg =1/3 br dt z=— . — 2.96
q & 9 Eﬁ8 18 18 (299
The kite baryceter is the intersection of the connecting linecef and c€ with the connecting line of
aandb:
a2z 7 7
cg=1/2 = — 29
G112 (¢ of) 36 '36' 36 (297
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Figure2.17. Dr aft of deriving | ocal coagrdinates of barycente
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3 Brine formation and mobilization in submarine hydrothermal
systems:insights from anovel multiphase hydrothermal flow model
in the system HOT NaCl

3.1 Abstract

Numerical models have become indispensable tools for investigating submarine hydrosgetemas

and for relating eafloor observations to physiwemical processes at depth. Particularly useful are
multiphase models that account for phase separation phenomena, so that model predictions can be
compared to observed variations in vent fluidrggli Yet, the numerics of multiphase flow remain a
challenge. Here we present a novel hydrothermal flow model for the sys@nNBICI able to resolve
multiphase flow over the full range of pressure, temperature, and salinity variations that are @levant t
submarine hydrothermal systems. The method is based eD &inte volume scheme that uses a
NewtonRapson algorithm to couple the governing conservation equations and to treatlkine aity

of the fluid properties. The method uses pressure, spdiciiil enthalpy and bulk fluid salt content as
primary variables, is not bounded to the Courant time step size, and allows for a direct control of how
accurately mass and energy conservation is ensured. In a first application of this new model, we
investgate brine formation and mobilization in hydrothermal systems driven by a transient basal
temperature boundary conditicemalogue to seawater circulation systems found atocgdn ridges.

We find that basal heating results in the rapid formation oftdestaine layer that thermally insulates

the driving heat source. While this brine layer is stable under sgtatyconditions, it can be mobilized

as a consequence of variations in heat input leading to brine entrainment and the venting of highly saline
fluids.

3.2 Introduction

Hydrothermal venting at the ocean floor is a key mechanism of biogeochemical exchange between the
solid earth and the global ocean. Fluid circulation through the young ocean floor sustains unique
ecosystemgBoetius, 2005 mobilizes metals from the crust to the ocean floor to form volcanogenic
massive sulfide depositslannington et al., 20} 1and is a source of trace elements and isotopes that are
now thought to play an important role in global scale biogeochemical ocelas(€erman et al., 2036

Much has been learned about these systems and their role in the Earth System from direct seafloor
observations, ater column measurements, ocean drilling, and geophysical im&gingari et al., 201,2
German and Seyfried, 201 umphris et al., 1995 Yet, the inner workings of submarihgdrothermal

system remain inaccessible to direct observations. Instead, tseafior hydregeochemical regime

needs to be indirectly inferred. Investigating systematic pattern in vent fluid chemistry and their spatial
as well as temporal variations is one powerful appréachButterfield and Massoth, 199#ottl et al.,

2012, Shanks, 2001vVon Damm, 2004 The chemistry of hundreds of vent fluid sansplaken from
hydrothermal systems located in diverse geological settings includirgpfastding and slowpreading

ridges as well as baekc spreading centers have been published. The resulting dataset shows a
spectacular diversity and complexity of ¥émid chemistry, yet some firgirder features and trends are
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robust and clear. For example, vent fluid salinity often deviates from the seawater value pointing to phase
separation and segregation phenomena at depth. When seawater is heated and theerespthase
boundary, it splits into a lowsalinity vapor and a highesalinity brine phaséischoff and Rosenbauer,

1984 Driesner and Heinrich, 20D7Segregation of these phases can result inghéing of fluids that

have a higher or lower salinity than seawater. Observed vent fluid salinities vary between 5% and 200%
of the seawater value (3.2 wt% NaCl). These salinity variations are particularly interesting in the context
of metal mobilizatiorand transport. Most metals, including IrorefFare chlorecomplexing and tend

to travel with the more saline fluid phase, implying that phase separation has a first order effect on vent
fluid chemistry(Butterfield et al., 1997r. Seyfried et al., 199¥on Damm, 2003 Figure3.1 illustrates

this for a selection of vent fluid samples from the East Pacific Rise (EPR) and some selected slow
spreading miebcean ridges.
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Figure 3.1: Plot of chloride versus total Iron for various vent fluids in fo@kan ridge settings: East Pacific
(Shanks, 2002Von Damm, 2000Von Damm, 200% TAG (Edmonds et al., 1996Snakepi{Von
Damm, 199), Lucky Strike(Charlou et al., 2000/on Damm et al., 1998 Rainbow(Douville et
al., 2003, Longgi(Ji et al., 201), and Edmond/KairgGallant and Von Damm, 200&umagai
et al., 2003.

Tracing st within submarine hydrothermal systems is therefore a useful way of investigating metal
transport within the oceanic crust and toward the seafloor. Yet, relating changes in vent fluid chemistry
to hydrothermal processes at depth remains a challengee@uides numerical mulphase transport
models as well as a reliable equatmirstate (EOS) that can establish links between hydrothermal flow
observations and physicochemical processes at depth.

Some insights into brine formation and safdrstribution within hydrothermal convection cells can be
gained from exploring the EOS of seawdteriesner and Heinrich, 20Q7Theoretical work on pure
water (Jupp and Schultz, 20QD0later extended to salt watéGeiger, 200y have shown that the
thermodynamic properties of (s@aater result in an upper temperature limit opagximately 400°C

in the upflow limb of submarine hydrothermal circulations cells (the exact value is a function of pressure
and salinity). The critidgooint of seawater with 3.2 % NaCl is at 29.8 MPa and 40C. Consequently,
boiling can occur at veritelds located at water depths shallower than ~3000 m. Such shallow boiling
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(and condensation) processes in combination with brine entrainment into the upflow zone are thought to
be the reason for the high spatial and temporal variability in vent fllidtigs, which are, for example,
observed at the East Pacific Rise vent field at 9°N located in ~2600 m wate(lestdr et al., 2014

Von Damm, 2004Von Damm et al., 1997Boiling and entrainment processes are also likely to control
vent fluid salinity at the ASHES vent field located in 1540 m water depth on the Juan de Fuca Ridge
(JdFR), where chimneys just tens of meters apart show salimdlies and above seawa(@®utterfield

et al., 199). These ideas were tested and confirmed with numerical multiphase modatsiimpu et

al. (2009) who showed how the entrainment of brines formed in the upflow zone of relatively shallow
hydrothermal systems can result in rapid and large fluctuations in vent fluid salinity.

If a fluid is intersecting the twphase boundary at pressures higher thanritieat pressure of seawater,

small amounts of a highly saline brine phase are condensing from the fluid phase thereby depleting it in
NacCl . Note that we do not wuse the terms fisubcriti
are often found imid-ocean ridge literature, because they refer to the-ledsling concept of a fixed

salt content. We rather follo@oumou et al. (200%9nd refer to the physical processé¢$oiling and
condensation. Brine condensation is likely to happen above the driving heat source of a circulation
system. In most midcean ridge settings, magmatic heat sources like e.g. the axial melt lens at
fastspreading ridges or a gabbroic intarsiat slowspreading ridges are located at hydrostatic pressures
higher than the critical pressure of seawater and release their heat directly into-giaseaegion.

Within this region, the condensing dense brine phase will pool, while thedasgs apor phase will

rise. This may result in a stable basal brine layer that insulates the heat source and through which heat
transport is predominantly conductive.

Based on mass flux estimates and measured vent salinities at Main EndeavBoRtalde and Wilcock
(2006)estimated that a basal brine layer of ~b@€hickness should form within only 15 years. As this
estimate was inconsistent with their calculated conductive heat balance, which required the brine layer
to be thinner than 10 m to match the observed high heat flux, they argued that interfaciabttngen

fluid and solid phases will likely favor the segregation of vapor into the main fractures and brine into the
smaller fissures. This would allow the vapor to flow efficiently through the system and to sustain large
heat fluxes.Bischoff and Rosenbauer (1988ygued that doubldiffusion will break the stable
stratification of he brine layer leading to internal convection, which mines the required heat from below.
So far, the viability of both explanations remains questionable as neither has been testedyndimid
simulations. A complementary explanation is lateral brioe hear the base of a circulation system. If
brines move out of the twphase region either by lateral migration or because heat supply is diminished,
they would merge with the singfghase fluid flow above thus leading to the venting of highly saline
fluids (Coumou et al 2009. This process is likely to happen at the TAG hydrothermal mound on the
Mid-Atlantic ridge, where stable brine venting 25% of seawater salinitiyhas been documented to

have occurred for more than a decd@hiba et al., 2001 Longterm venting of brines is rare at
intermediate to fastpreading ridges. Venting on the Northern Cleft segment of the JdFR is such an
exception. Here repeated fluid sampling in tadye1990s documented persistent venting of high salinity
fluids, which has been interpreted as interaction with a previously formed bringBaytarfield and
Massoth, 1994 At the Main Endeaor Field on the Juan de Fuca Ridge, vent fluid salinities have mostly
been lower than seawater in the period 1984 to BQ&erfield and Massoth, 199&oustoukos et al.,

2009 Lilley etal.,2003. Al so at the East Pacific Rise at 9A50:
than 13 years since 198Ion Damm, 2001 This predominance of lowshanseawater salinity venting

at intermedite to fastspreading ridges raises again the question what the fate of the complementary
brine phase is. It continues to be an unresolved question whether brines are pooling at the base of
circulation systems or brine venting occurs diffusively or/andlyidituted.



Chapter 3 77

It is in this context that we are here investigating brine formation and mobilization in submarine
hydrothermal systems using a newly developeddmeensional hydrothermal modeling code. First, we
present our numerical approach and explain motives for developing a new code and how our
approach differs from other existing simulators like CSMP++, MUFITS, TOWaKE! and FISHES.
Second, we show results of a suite of model calculations investigating a geometrically simple setup
designed to appximate the conditions of a hydrothermal system at acgo&hn spreading center with

a basal heat source. For different pressure conditions, we study brine layer formation, its stability and
effect on heat transfer as well as the conditions that resik imobilization of the brine phase into the
upflow zone.

3.3 Numerical approach

3.3.1 Motivation for new code

Multi-phase simulations of thermohaline flow in submarine hydrothermal systems continue to be
numerically challenging and are still not rout:i
state and thermodynamic properties over sufficiewitye pressure (P), temperature (T), salinity (X)
ranges and a transport model able to handle multiphase flow and the stroligeadty of the
thermodynamic propertie®riesner and Heinrich (2008nd Driesner (2007 )provide complete and
realistic correlation formulae for phaswbility relations and fluid properties at temperatures from 0 to
1000°C, pressures from 0 to 5000 bar and compositions from 0 to 1 weight fraction NaCl. The provided
EOS improves upon earlier worf@alliser and McKibbin, 1998®alliser and McKibbin, 1998IPalliser

and McKibbin, 1998kin the correlation formulae and in that the complete fluid state can be calculated
as a function of PTX including a comprehensive set of thermodynamic properties. The CSMP++ porous
media simulato(Geiger et al., 2006&eiger et al., 2006Weis et al., 2014uses this EOS and has been
used for submarine hydrothermal systd@sumou et al., 200%ruen et al., 203Zruen et al., 2004

and geothermal sitdScott et al., 2016Scott et al., 201;AWeis et al., 201R Other existing simulators
include NaCITOUGH2 (Kissling, 2005aKissling, 2005h, which uses different correlation formulae
(Palliser and McKibbin, 1998#&alliser and McKibbin, 1998lralliser and McKibbin, 1998@nd is an
enhancement of TOUGHZK ipp Jr et al., 2008 which was originally developed for geothermal settings
below 350°C. Yet this code was only used onceariodelling in a case study for the Taupo Volcanic
Zone in New Zealath (Kissling, 2005h. FISHES (for Fully Implicit Seafloor Hydrothermal Event
Simulator) has been developed bgwis and Lowell (2009)the thermodynamic properties are a
synthesis of data and extrapolations from vagistudiegAnderko and Pitzer, 1993rcher, 1992
Palliser and McKibbin, 1998&alliser and McKibbin, 1998Palliser and McKibbin, 1998cTanger

and Pitzer, 1989 and it is appropriate/adequate for modeling-phase problems at mitean ridges

(Choi and Lowell, 2015Han et al., 201,3Singh et al., 201)3 Most recently, the reservoir simulator
MUFITS has been adapted to resolve multiphasirdtizermal flow using the EOS yriesner and
Heinrich (2007)and was used to simulate brine formation in a volcanic s€tifagasyev et al., 2018

According to publications, the wellocumented CSMP++ simulator appears to be the most frequently
used code. Interestingly, the employed sequential method of solving the governing equation is different
to the typically used coupled approaches implememntethier hydrothermal and geothermal simulators.
MUFITS, TOUGH2, HYDROTHERM and FEHM all use a coupled numerical approach, where mass
and energy conservation equations are solved simultaneously using an iterative scheme, which is often
the NewtonaRaphson m#od. It remains a question of active research to assess to strengths and
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limitations of sequential versus coupled approaches in terms of efficiency, stability and accuracy. The
reader can find further discussion on thiglhgebritsen et al., 201&ehling et al., 2018

Coupled approaches should be better equipped for handling the stroligeaoities in the goveiing
conservation equations and their strong couplingand should theoretically be more efficient by
allowing for larger timesteps. In practice, the case is far from clear. For example, resolving the sharp
phase boundaries and associated jumps in caafts that occur over the relevant PTX ranges in the
H.Oi NaCl system is a challenge in coupled approaches. Here the choice of the primary variables that
define the thermodynamic state has to be done carefully. For the sygdeiaCI correlation formulae

are a function of pressure, temperature and composition but the energetic state is not always resolved.
For example, saturations in the thyease region where vapor, liquid, and halite coexist and for the pure
water twephase region cannot be calculailedPTX-space (Fig3.2 & Fig. 3.3). One possible solution

is primary variable switchin¢Class et al., 2002Vu and Forsyth, 2001However, if a phase boundary

is crossed multiple times, and each crossing triggers a primary variable switch and associated variable
initialization, convergence can be poor. In TOUGHCI, ths procedure leads to restrictions in the
allowed phase state transitiofi€ssling, 2005h. For example, from single phase it is not allowed to
have a direct transition to the thrpleasecoexisting region.

Another option is to use a set of primary variables that always resolves the fluid state, like e.g. pressure,
specific enthalpy (H), and salinity. The downside is that the existing EOSs for the syQehad| use

PTX so that the therndynamic state has to be determined with a costlier iterative scheme or with
interpolations on lookip tables. In HYDROTHERMHayba andngebritsen, 1994Kipp Jr et al., 2008

this method has been shown to work well for the pure watephase region and also at difficult
conditions around the critical point (22.06 MPa, 374C» Promising are also results obtained with
MUFITS simulator which uses a PHX coupled scheme to resolvephase flow in the system

H.O1 NaCl (Afanasyev et al., 2018

In summary, the equatienf-state for the systemBi NaCl is reasonably well constrained but progress
needs to be made in simulating multiphase transport. We see a large utility and potential for a
hydrothermal simulator that uses the coupled approach with primary variables of pressure, spec.
enthalpy, and composition. Recently, we have presented a coupled pressure/enthalpy scheme simulating
purewater multiphase flow(Vehling et al., 2018 This method ses a higher order time differencing
scheme (thetdme-differencing) that leads to higher accuracy, larger time step sizes, and a better
convergence of the NewtdRaphson iteration scheme. We here extend this method to the system
H.O1 NaCl by adding an adtibnal conservation equation and by translating the EQBridésner, 2007

Driesner and Heinrich, 20pffom PTX to PHX space.

3.3.2 Model assumptions and governing equations

We use an extensiorf the twophase flow model and numerical approach present@deinling et al.,
2018, which is a pure water twphase numerical code. We make agdie following model
assumptions:

capillary pressure effects are neglected

rock and fluid are in locahermodynamic equilibrium

rock enthalpy is related to temperature by a constant specific heat

the inertia energy terms are orders of magnitude smaller and hence can be neglected
we fully account for pressuneolume work and viscous dissipation

aprwdne
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To describehe HOT NaClsystem, the conservation of mass of the combin€&i NaCl fluid (Eq. 3.1)
and the conservation of enerdyg( 3.2) is completed by salt mass conservatien. 8.3):

=2 a _
—U( m) = - E&E‘a v (3.1)
“-t (;fl'{l,v}
- K v, FE_DF
i tu (32)
- DIOTD =B Grv o A-vw HPH, 5 4
Cri{v) w4y KK HE i
F X a .0 A .
HC 7, ): - Befl 1 XV, 0 + %D r X (3.3

Sis Cfi{v R

All variables ae summarized in Tabf&l. Subscripts |, v, h stand for liquid, vapor and halite phase and
f is either liquid or vapor. The third term on the RHS of BR)(describes viscous dissipation, and the
fourth and fifth term contains the part of the pressisleme work that is not accounted for in the specific
enthalpy. We summarize these terms into the following expression, which is thesubatikuted into

Eq. (3.2):

H( ), a vi(rg) = -av( pb /9 aaepr ay p (34)

l'[t f{,v} ffv g f {0}

The fluid velocity trough a porous medium is describgd bDar cy 6s | aw, wher e
immobile phase, which is absent in advection terms.
-k ~
Vi = k(@ r70) (35)
hy
The mean densityn, mean specific enthalgyand mean salt mass fractidnare defined as follows,
usingX, = 1:

fm:3r+$ vr ﬁh (36)
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m

Whereby phase votoetric saturations adding themselves to one:

§+S % F (3.9)
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Table 3.1: Variables

Variable | Meaning Unit

Cor specific rock heat J/(kg-K)

D salt diffusity m/s?

do subscript fodownstreamnmode

E total energy in fluid and matrix J

g gravitational acceleration m/s?

h mean specific enthalpy J/kg

hy fluid specific enthalpy J/kg

hm mean specific enthalpy J/kg

K mean conductivity of rock matrix and fluid | W/(m-K)

k isotropic permeability of porous medium | mz2

ket relative permeability -

Kseg computed permeability at segment m2

n Number of gridpoints -

A, outward pointing unit normal vector ( -
control volume

Ni finite element shape functions -

p pore pressure Pa

S liquid saturation -

S vapor saturation -

S halite saturation -

S Residual liquid saturation -

t time S

T rock and fluid temperature °C

up subscript for upstream node

v, Darcy velocity m/s

Wi upstream weighting factor -

X mean salt composition wt. fraction

Xs fluid salt composition wt. fraction

X arbitrarypoini n domai n q m

o} fluid viscosity Pa:s

% fluid density kg/m3

Jm mean density of fluids kg/m3

Jr rock density kg/m3

q modeling domain m?

qi control volume area m2

Qui boundary of control volumee m

d time differencing weighting -

a porosity -
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3.3.3 Equation of state in the system KOT NaCl

We implemented the equation of state in the syste@ NaCl published byDriesner, 2007Driesner
and Heinrich, 200) which is formuated for the pressutemperature&composition space (Fi@.2). In
total we find seven phase states. The black surface separates thelsasgleegion from the liquid +
vapor (L+V) coexisting region. The red line (critical curve) following the crestisfdurface indicates
whether a singl@hase fluid enters the twahase region as vaptke or liquid-like fluid. At pressures
below the critical point of pure watepcf = 22.06MPa, 374.15C) the critical curve is identical to the
boiling curve of pure water. Here a singlease fluid below the boiling temperature is always in a liquid
state and would boil when heated to the-phase boundary. At higher pressures, the critical curve
movesto higher salt compositions, which implies that when a sipbbese fluid with a salt content lower
than the critical curve is heated until it hits the q@f@mse boundary, it would be a vaiti&e fluid from
which brine droplets are condensing.

Throughoutthis paper, we use the critical curve to distinguish between vapdrliquidlike in the
singlephase region at pressures higher tharwith vapor always having a lower density than a fluid

on the critical curve faoporad giiyea fplreisd,urwhi 't e
density at the critical point of pure water (321.9 kg/m3), or a fluid having a higher temperature and a
lower salt content than the critlazurve at a given pressure.
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Figure 3.2: Phase diagram of the systemQiNaCl in temperatur@ressurecomposition coordinates with
isolines for pressure and composition on surfaces.
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The green surface marks the halite liquidus. In the liquid + halite (L+H) coexiggign; halite
saturation increases linearly with increasing salt content, when temperature stays constant. The liquid,
vapor and halite coexisting surface (blue) forms the lower pressure boundary of the L+V region and the
upper boundary of the V+H coexistj region. The darlgellow surface separates at low salinities the
vapor region (single phase) from the V+H coexisting region.

We use a bisection method for the mapping between PTX and pressure, spec. enthalpy and composition
space (PHX). Special camsust be taken in regions where the fluid state is not uniquely described in
PTX space, which are the thrpbase, pure water boiling, and halite melting regions. Within those
regions we make use of the constant temperature constraint for a given pressireallows solving

directly for the unknown saturations. Figur8 S8hows HXxslices for different pressures illustrating how

the fluid state is uniquely described in PHX space. Pure water boiling below the critical pressure occurs
atX =0 between the ggific enthalpies of vapor and liquid (F®&3a,b). If boiling occurs in the presence

of salt (L+V region), the spec. enthalpies (and salt contents) of the vapor and liquid phases at a given
temperature within the L+¥egion can be read off at the intecton of the respective isotherm with the
phase region boundaries (bold lines). Note how the vapor phase can carry several wt% NacCl within the
lower temperature range of the L+V region at higher pressures3Bigd). At pressures lower than
39.015 MPathe isothermal L+V+H coexisting field appears twice and the spec. enthalpies of each phase
can be read off at the triangle corners (F@a, b, ¢). Within each (isothermal) lower temperature
L+V+H region, an increase in bulk specific enthalpy resultthe separation of liquid into vapor and
halite, i.e. the liquid saturation decreases with halite and vapor saturations increasing. In the higher
temperature L+V+H regions, vapor and halite are progressively forming a very high salinity liquid (>85
wt% NaCl) with increasing bulk enthalpy. Finally, isothermal halite melting is resolved with saturations

of solid and liquid halite varying between the yellow dotX at100 wt% NacCl
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Figure 3.3 Isobaric crosssections of bulk spec. enthalpy versus fluid salt content within the PHX phase

relation diagram. Colored bold lines show same phase region boundaries asré&BR2gThin
black lines are isotherms, crossing phase region boundaries. Dashed thin bfaakeliis®therms
restricted to phase regiorsandb: Red dots at the left border show spec enthalpy for boiling of
pure waterpoiling temperature is in a) 3EC and in b) 366C. Temperatures of L+V+H regions
are in blue. Yellow dots show spec. enthaffiynelting halitehy and the corresponding méit.
Molten halite is part of phase region L. Figure design has been adapte{Dfiesrer, 2013

We have implemented the EOS in MATLAB but for performance reasons userppated & look-up

tables for the transport models. For this purpose, we mesh the different phase fidll®kX3space

using an unstructured mesh of tetrahedraients. In this way, we ensure that phase boundaries are

we l | resolved and to not cross elements so that
it operates. Note that the EOSDifiesner and Heinrich (200does not include a parameterization of
viscosity and we here use the one recently publishdtyaykin et al. (2017)
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3.3.4 Control volume method

As spatial discretization of the governing equations we use a finite volume technique, in which a control
volume (CV) is constructed around each node of an unstructured triangular finite element mesh
(Fig. 3.4). This approach is equal to thesed in(Vehling et al., 201Band has the advantage of being
locally fluid mass, energy and salt mass conserving. Mass and energy fluxes between two adjacent CVs
are continuous when using temperature and pressure gradients obtained from corner notliesgfehe
elements. The same discretization is used in CSM®P#eis et al., 2014

o1
i

Figure 3.4 Construction of the control volumeg from an unstructured finite element triangle mesh (black
lines). The control volume boundary is composed of straight segments, and each element contains

three segments.

In the control finite vol ume metghobahch CY¥.IFarmaehs ar e
control volumeq ;, we obtain the integral formulations Bfs. (3.1-3.3) by transforming the divergence
of the fl ux t er mg,;usingthe@divergehce thewrem.nt egr al on O
F o
ﬁudwz - B v, NG (3.10
W Mt p v
N a " .0 . Hemp . ~ '
nEdW: & D a4 hrv #do ) av+ () d . 31y
W o fi{lvy = w G f v} .
~H( X a_. . 0 .
nud = #a Dri B -a XV #d (312
W UI u I\/\(;;fl'{l,v} f fiv} -

Wheren,i s the outward pointing unit nor mad,. Twector
calculate gradients across the segments we use the spatial derivatives of standard linear finite element
shape functionsl.

o) = A N(Yp A NI P (319
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BT() = AN(IT A MYT (314
oX() = BN(IX A M) X @19

wherex is an arbitrary point off , j is the index of each nodad its corresponding shape function, and
nis the total number of nodes in the mesh.

3.3.5 Numerical discretization in time

For the numerical time discretization, we use a variable combination of forward Euler method and
backward Euler method, the-salledthetafl)-method:

Hu _
—=F(u,xt (3.16)
Y= (o

t+ D

%:qp (ux ) 41 FF(u %y (317

Based on our efficiency study {iehling et al., 201Bwe favor the Galerkin Method witth= 2/3.

3.3.6 NewtorrRaphsonscheme

The main numerical difficulty in solving the above system of equations is the strong coupling between
the mass and energy conservation equations and the strofiga@oity of the fluid properties. While

the equation coupling is treated in our scheme by computing pressure, mean specific fluid enthalpy, and
bulk salt content simultaneously during a single solve of the matrix equation, ttieeamity in fluid
properties(and states) is resolved by Nirations. For this purpose, we write the equations for each
control volume (or associated nodé) residual form:

R=-fa ry agr -AEng (3.18
uwfi{l,v,s} w I"It
! . _ 0 M) .., .\ U ,
G=faK & -4 hrv, ad av (@ — d (3.19
PW@ fi{l,v} - w f v} I—‘l -
a.. . 0. . X
Hi= Nea Dr; &, -a Xy o, dr - )d (3.20
u\(\,(;fl'{l,v} f v} - w “I

Then we create a linear systeneglations by applying the Newtdtaphsorschemdor every residua
R, Gi andH;:

é?l%(p'fl-d) +:5—E(H* h) j”ag‘(x** Xy R (3.21)
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6?1%(92“- o) +:€:'1—E(*1* H) j”a%‘(x** Xy 6 (322)

n n n
atoi(etd) vate (it B) EL(XT N 2
j HIO,- i bi ] >111

Herel + 1 refers to pressure, specific enthalpy and salt composition after the nextritstaficat time

t + ad. Since each nodal residuum value depends only on the adjacent mesh nodes that are connected by
the elements, all other derivatives are zero and the resulting matrix is sparse. Since we use an implicit
numerical method, these derivas/have to be calculated every time before solving the linear system of
equations.

3.3.7 Calculation of Darcy velocity at segments

When modelling phase separation phenomena, fluid properties between two neighboring grid nodes can
vary over orders of magnitudesspecially when different phases exist on nodes or when large gradients
in salt content occur. Therefore, the density at the segment, which is used for calculating fluid flow

directions(Dp -rfg) , should account for salt content at tipwvind node and also for the temperature
gradient. Therefore we calculate a density for each phase and for the nodes on both sides of the segment:

It156g=0.5 f;; 0.5 £p,T,.X) (3.24)

rf2,seg:O'5 42 +05 f(pliTl’xz) (325)

We use n,segfor calculating fluid fluxes if node 1 is the upwind node anggif node 2 is the upwind
node.

Often a vapor phase is flowing into a colder control volume without a vapor phase so that no vapor
density can bealculated there. For avoiding extreme vapor velocities flowing into cold CV at pressure
conditions below 22.7 MPa, we use the following equation for calculating the density of a vapor phase
at a segment.

rvl,seg:O'S ,;/1 ‘|'OdW (rpz’TZ!xm) (+1 V\) v,é’oi)

w=1 "T. it o)

2 %ou (326)
w=0 T Fa -®
w=(T,; -T, 5 CJ710°C otherwise

Note that boiling temperatui®.i and vapor densityy,ni are a function of fluid pressur¥..is the salt

cortent of a fluid at the critical curve (Fi@.2) for a given pressurg.. This formulation takes into
account the high difference between liquid and vapor densities and leads to a better convergence of the
NewtonRaphson scheme. In Fig5 we show aesult of expressior8(26) for a pressurg; of 15 MPa.
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Figure 3.5: Vapor density at the segment as a function of downwind node temperaatiige pressurp; of 15
MPa using expressior36). The upwird node has a temperatureTaf= 350°C, salt content of
X1 =0 wt% NaCl and a vapor densityjaf = 87.2 kg/m3.

When the phase exists at the upstream side, we calculate fluxes over the segment using the upstream
weighting method for fluid enthalpyiscosity, relative permeability and salt content. The density that is
multiplied with the fluid velocity is also upwind weighted. We prefer full upwind weighting, because we
want to avoid numerical oscillations in salt composition. Additionally, wheraagtioes not exist at the
downstream node, we save computing time by not creating synthetically downstream fluid properties.

3.3.8 Permeability and relative phase permeability

When halite precipitates and fills up the pore space, rock permeability decreases/d/ifaplemented
the following function for the reduced permeabiliky which is also used in TOUGH®ruess et al.,
2012:

k =kl -§) (327

We computed permeability at segments using a logarithmic average, as it can vary over orders of
magnitudes:

(3.29

When permeability gets very low due to a high halite saturation, convergence of the {Repiision

scheme can become slow, especially for finding a good pressure solution for mass conservation.
Therefore we define a halite saturation threslslg., and if it is exceeded, we set the permealdilisy

to zero for all segments around this point. We then stop solving for mass and salt mass conservation at
theses nodes, but still solve for energy conservation by heat conduction. In the presented xamples

is set to 0.95. This value is lower thanuiggd for numerical stability but it is a reasonable assumption

for submarine hydrothermal systems that permeability drops to very low values at such high halite
saturations.
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When calculating relative permeability for liquid and vapor phisar{dk., resp.), we implemented a
function in which the relative permeability is not additionally reduced by halite precipitation, because
this is already accounted for in rock permeabiliy. (3.28). Therefore, relative liquid permeability is a

linear function fom O to 1, Wherﬁ/(l- Sﬁ) exceeds the residual liquid saturatign

_S/-8) -%
=2 /1 §) # (3.29
k, =0 "§/( 1) B
ke =8/ -5) (330

3.3.9 Calculating fluid (salt) mass and energy in control volume

When modelling phase separation phenomena, salt composition varies over orders of magnitudes
between adjacent nodes. For calculating the salt mass stored in a CV, we only use fluid properties of the
node associat to the CV. Using the area of the CV we compute fluid (salt) mass and energy as follows:

i mji

FFr.dwW= Fr, (3.31)
W

r{Fr h+l - )Frc,T)d W= Fh @ +):gf) (332

(333

ﬁF r o Xdw = Fr, X
w

3.3.10 Convergence criterion and error tracking

It is a challenging task to find goadnvergence criteria for the N&pproach, when fluid properties and
time step size vary over order of magnitudes. For the mass and salt mass conservation we calculate an
error of mass per square meter pore space over the tinmes siegp CV of sizey i

— ekg
IRI, —WF R &m? (3.39)

As density and salt content could become very small,eeel & second criterion, where we normalize
the error by density or respectively density and composition:

[RJ, =13 @39

m,i

= LRl 036
tHen X

m, 1
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For energy conservation we find that it is sufficient to work with an error displaying joule per square
meter.

_Db e
IGIl, = W G s (3.37)

We use following magnitude of criteria:

kg 1R
=1—= H| =—2
”R ”a m2 ” [ ”a 3

| (339)
IRl,=0.01 |H], :=0.01 |G|, :=Fo;

To ensure strict mass, energy and salt mass conservation we save the residuR| &ranslH; and
add them as source term for the next time step. Here we have to consider old and new time step sizes:

Dtold Dold tﬂd
— Rold _ = Id H :Hold
R,source ) Dt G ,source G i) i’ ,source i D

(3.39)

3.3.11 Model implementation and limitations

The implemented NewteRaphson method shows slower convergence, when the residual conserving
functionsR, Gi andH; have discontinuities, which can arise from CVs experiencing phase transitions or
from discontinuities in the relative permeability funcgordditionally, convergence is reduced when
derivatives of the residual functions with respect to primary variables of the same CV become relatively
small or change sign. A combination of both problems occurs, for example, at the phase transition into
theisothermal L+V+H region foG; (energy conservation). Here, performance losses have to be accepted
for code stabilization and convergence is achieved by reducing time step size and updating primary
variables by reduced increments of the NR correctiorisanmvergence.

For performance reasons we use@uenputed lookup tables on unstructured tetrahedral meshes for all
fluid properties and their derivatives. Over each tetrahedron, fluid properties vary linearly and derivatives
have constant values. Thegmple discretization can potentially lead to convergence problems and in
some cases it may well be better to use the original correlation functions to compute the derivatives.
However, this is computationally costly as the correlation functions are irid?iXilations and iterative
procedures are necessary to obtain them in PHX space.

Additionally the correlation functions for vapor density and vapor enthal(riasner, 200yshow an
unexpected Al oopd very close to the cordebsitiesal p o
show a peak of too high values and the vapor enthalpies a peak of too low values. As a preliminary
workaround we use a coarser mesh near this region in the PHX space, which effectively linearizes fluid
properties over the width of a tetrahealro

We have implemented the entire multiphase model in MATLAB building upon the highly efficient
MILAMIN and MUTILS tools (Dabrowski et al., 2008 An alternative would have been to implement

the scheme using one of the existing FV libraries and/or transport models such as PFLOTRAN
(Hammond et al., 20340penFOAM(Weller et al., 1998 or DUNE/pdelal{Bastian et al., 20)0We

had opted for MATLAB because it provided us with the most flexibility andl&xel control with
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regard to numerical implementation details. We hope that the presented details, especially on upwinding
and phase weighting, will help with future 3D work on coupled multiphase hydrothermal flow models
that may again be based on MATLAB or established FV libraries.

We tested our implementation against benchmarks and published results obtained by oth&heodes.
respective benchmarks for pure water flow under siragid twephase conditions have been presented

in Vehling et al. (2018)Benchmarking of the saltwater case is less strdayiatard as the results
strongly dependent on the implementeé®S, which is unfortunately different among the various
published numerical models. We nevertheless show results of test cases used in previously published
studies in thé\ppendix(section 3.7)

3.4 Simulation result

3.4.1 Model setup

We explore brine formation and mobilization in a simplified setup that mimics the situation at
intermediate to fastpreading ridges, where hydrothermal circulation is mainly driven by heat released
from a cooling axial melt lens (AML). The depth of the AMaries between-B kilometers beneath the
seafloor and depends on magma supply as well as spreadirflyloagan and Chen, 1993 heissen

Krah et al., 201)L The hydrostatic fluid pressure on top of the AML can therefore vary avepfeviPa
between different ridge systems. We have performed numerical simulations for two different top pressure
boundary conditions, 35 MPa and 20 MPa, in a domain of 3 km width and 1 km high. The grid has in
total 6200 nodes and a refinement at thednottenter of 10 m node distance.

The sidewalls and the bottom domain boundaries are impermeable and a fixed pressure boundary
condition is used on top, which allows for free venting. Top inflow seawater temperatife &8 salt

content is 3.2 wt%. Thigitial domain temperature is a linear function from topE%to the bottom (100

°C). At the bottom we set a Gaussian shaped temperature boundary condition with a maximum of 700
°C in the center and ~30C at the sides:

X2

252

T, (X)=300 °C + D efhge (3.40

Herel is set to 450 m and is the lateral coordinate in the interval fre@500 m to 1500 meeT is

400°C. In addition, we assume the bottom row of control volumes to be impermeable so that heat transfer
here occurs by conduction only. After 900 yeagEjs linearly reduced to 30T over a time span of 50

years to explore the response of aabasne layer to longerm variations in heat supply (F®85). Rock
permeability is a function of depih

k(2)=k, €p(b 2 (3.41)

wherekiop = 1.5-10"m? andb = 0.0012. We use a porosity@f= 0.03, a rock heat capacity @f = 880
J/(kg K), a rock thermal conductivity & =2 W/(m K) and a rock density gf = 2700 kg/m. The
residual saturation of the liquid ph&Ses set to 0.3.
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Figure 3.6: Rock permeability antemperature boundary conditions.

3.4.2 Simulation 1: High pressure conditions (35 MPa on top) lead to stable brée layer
formation

The temperature boundary condition results in rapid heating within a central area ahi@iith
bringing the fluid into the twgphase regime. Figui@7a shows the situation after 300 years of heating:
a basal brine phase containing to 75 wt% NaCl has formed and the iealinity vapor phase has
merged with singlghase flow above, forming a large laalinity region (1.5wt% NacCl). As the salt
signal travels at pore velocity and hence faster than the temperature signal, ventingalfrisyvcold
fluids occurs. Figur8.7b and Figured.8a illustrate the stable quasi steadgte situation for this setup

at t=900 yearsA stable basal brine layer has formed with little internal flow. Above it, and largely
separated from it, singighase higiemperature flow occurs at seawater salinity. In between, a thin two
phase region exists (Fi§.8a).

The central brine layer fornmsogressively from the bottom up. Brine saturations increase anphase
flow occurs until the pore space is completely
due to changes in the convective pattern are filled up by lateral sgyedidirines. Once the pore space

is completely filled with brine, active phase separation moves higher up, where brine saturations then
start to increase. After 300 years the brine layer has its largest extension with a maximum height of 90
m. Due to thiformation process, the brine salt content stays always very close to the liquid salt content
side of the L+V coexisting surface (black surface in Big). No significant internal mixing of brines is
observed and singighase flow above is separated fridrastably stratified brine layer.

The top of the brine layer is equal to the 462 °C isotherm 88 At this temperature, vapor salinity

at the L+V coexisting surface is equal to the seawater salt content of 3.2 wt% NaCl at 44 MPa. This
implies that 62 °C is also the maximum temperature within the shpilase circulation system and that
recharging fluids never experience phase separation once the system has reached sheadyasate.

At this temperature the brine phase has a salt contentvaf’aWNaCl and a density of 686 kg/m3, while

the vapor phase has a density of 361 kg/m3. This factor ~2 density contrast is showB.¢hdfid.leads

to an interface, where vaphbke fluids are divided and kept separate from the brines below.
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a) 300 yrs 35 MPa on top
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Figure 3.7: Simulation result$or a top pressure of 35 MP@olor plots of total salt content in the pore space
in wt% NaCl and temperature contours in °C.
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Figure 3.8 shows that the brine density increases @éhth, which is a consequence of the increasing

salt content with increasing pressure. Internaiéfiow is therefore very lowAt the top interface, brines

are weakly affected by the overlying flow and are slowly flowing towards the central upflowfgne

3.8a). Lighter brines can flow upwards leaving the brine layer and heavier brines tend to flow very slowly
downwards and then from the center toward the sides. The downward flowing brines become more saline
and, as a result, very small amounts ofaragan form within the brine layer with saturation between 10
4and 1C.

The brine layer itself acts as a thermal boundary layer. Over the first 40 years the total conductive heat
flux into the domain decreases rapidly due to decreasing temperaturentgaati the bottom. After
40years, heat flux is further decreasing in concert with the increasing amount of salt accumulated in the
basal brine layer (Fig3.10a). The formed lovgalinity vapor phase mixes with singtbase flow above

and after ~250 yeatlsw-salinity and lowtemperature venting occurs. The temperature signal, being
buffered by the host rock, travels slower and vent temperature only start to increase after 500 years. After
the basal brine layer has reached its maximum extend, phaseisaedaeabmes limited as the single

phase circulation systems is effectively decoupled. Consequently, vent fluid salinities return to seawater
values after approximately 600 years. When the temperature boundary condition is reduced after 900
years, the dowflowing recharge fluids can merge with the brines at a lower temperature and therefore
no formation of heavy brines and low salinity vapor occurs anymore3Blg). Instead, we find a higher

mass flux of brines at the interface towards the center ingegix/coordinate 60 m and 200 m. Also,
deeper brines with high salinity are mobilized towards the center. These brines are further merging with
recharge fluids and a singihase higksalinity liquid of 5 to 10 wt% salt content forms that is
sufficiently tuoyant to rise. This merging process occurs over a very small temperature interval of
457 462°C (T = 462°C is temperature at critical curae44 MPa). At these temperatures, vapors have

a relatively high salt content of 4 to 5 wt% (red arrows in 88p and Fig3.3c,d). Fluids of such high
salinity, do not reach the surface but rather mix with ambient seawater resulting in vent fluid salinities
of only 3.5 wt%. Such mixing of ascending fluids is further amplified by the increasing permeability
towards the seafloor.

This mobilization of the brine phase in response to a decreasing bottom temperature results in a shrinking
of the basal thermal boundary layer so that the 462 °C isotherm stabilizes at a deeper level. As a
conseguence, the bottom heat flstarts to increase again after 950 years and reaches nearly the old
level after 1100 years (Fi@.10a) highlighting the importance of brine formation and mobilization in
modulating heat input into the hydrothermal system. We have repeated the numpadatent with a

reduced permeabilitigo, of 10 m? and obtained the expected result of a 15 m thicker basal brine layer.
This confirms the arguments stated above that brine layer thickness is controlled by the balance between
conductive heat flux fromddow and heat carried by the hydrothermal circulation system, which in turn

is controlled by permeability.
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Figure 3.10:  Simulation resultsor top pressure of 35 MPa) Blue line: total power of conductive heat flow
from bottom nodegto domain. Red line: Top power balance of inflow and outflow. Dark yellow
line: Bottom salt mass accumulation by considering halite and liquids with more than 10 wt% NacCl.
Unit is tons of salt. Dashed black lines show the points in time picturedureldgd. b) Red line:
Maximum outflow temperature. Green line: salt content of fluid with maximal outflow temperature.
After 900 years, the green line shows maximal salt content of outflow. Green dashed line show
seawater salt content.

3.4.3 Simulation 2: Mid pressure conditions (20 MPa on top) lead to a brine layer on top of a
halite zone

A reduction in the top pressure boundary condition results in a change in the stable phase assemblages
and the dynamics of basal brine formation. In the mid pressure setuig:Magpor separation is quickly
followed by halite precipitation at the bottom. Here, at bottom pressures of 29 MPa, phase separation
starts at temperatures of around 404(Fig.3.11 & Fig. 3.12). The rising vapor phase has a very low

salt content of ol 0.1 wt% (at a temperature of 435). Therefore, salt is rapidly accumulating at the
bottom within the forming brine phase, whereas the rising vapor phase mixes with seawater resulting in
a central upflow zone with salt contents of 0.3 to 1 wt% aftery2a0s, which is lower than in the high
pressure case presented above Fidla). The basal brine phase has a salt content of up to 55 wt% and,
upon further heating to a temperature of 4P&denters threphase conditions where liquid, vapor, and
halite coexist (Fig3.3c). During further heating, the fluid leaves the thpbase region and the brine
phase becomes separated into vapor and halite (upon entering the V+H fid®gd}iAbove the V+H

region, brines that formed during phase separatidnmheated recharge fluids are slowly flowing (no
visible blue arrows) into the V+H region where the salt of the brine is deposited as halite1(Fag.

dark red color at 100 m to 200 m). This process results in a clogging of the pore space, which
progessively blocks the pathways for heat mining vapors.
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a) 250 yrs 20 MPa on top
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Figure 3.11:  Simulation resultfor a top pressure of 20 MP@olor plots of total salt content in pore space in
wt% NaCl and temperature contour@

Figure3.13 shows that the V+H region is continuously growing and halite saturation reach values >90%.
Also brine saturations in the overlying L+V regireach values of more than%®5Compared to the
high-pressure simulation the amount of salt acdated in this basal boundary region is 3.5 times higher
and consequently the salt content of venting fluids is substantially lower. After 900 years, a 20 m to 30
m thick brine layer has formed. This brine layer is less effectively separated from theingverly
singlephase flow as it was in the higimessure experiment (Fig.12b). The reason is that the layer is
thinner and that the density contrast to the above spigise fluid is smaller. At 400°C, the lesalinity
singlephase liquids (black arrowsh@the vapor phase have similar flow directions and form a thin two
phase flow region that connects overlying convection with the brine layer. Yet, the hot brine$G»400
have a higher viscosity and a reduced buoyancy so that entrainment into the agufeovg still very
limited. Therefore, temperatures within the up flow zone never exceetCA@@ompared to the high
pressure simulation, the total basal heat input is in ststady state and 15% lower (Figlda &

Fig. 3.15).

When the temperature badary condition is reduced after 900 yrs, brines are mobilized into the upflow
zone at a rate that is similar to the hjglessure experiment. For the simulation time span between
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950yrs and 1100 yrs, a comparison of lHig3.10 and Figre 3.14 reveals te same decline of bottom

salt mass for both simulations. The reduced heat flow from below results in the merging of recharge
fluids with brines at colder temperatures under sipijiase conditionddere, also brines with 5 to %

salt are sufficiently bu@nt for feeding the up flow zone, whereas brines with higher salt contents have
to be diluted before they can rise. Hig3.14a show that halite is constantly dissolved by diluted brines
and that brine venting occurs for a longer period of time with otdpéhe highpressure experiment.

a) 250 yrs 20 MPa on top
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Figure 3.12  Scaled upcolor plot of total salt content and mass fluxes for a top pressure of 20 MPa. Black arrows
display liquids ofX < 10 wt% NaCl. Blue arrows display liquids ¥f>10 wt% NaCl. Red arrows
display vapor (see definition for vapor in SectB.3). Arrow lengths have same scale factor for
all colors. White contour lines show isotherms in °C.
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Figure 3.13  Simulation resultfor a top pressure of 20 MPa at central profiles fr826 m to-1000 m depth
after 250 yrs, 900 yrs and 1000 ya3, c), €) Phase saturation with coexisting phase regibhs.
d), f) fluid temperatur@nd total salt content of pore space.

Figure 3.14:  Simulation resultfor a top pressure of 20 MPa) Blue line: total power of conductive heat flow
from bottom into the domain. Red line: Top povialance of inflow and outflow. Dark yellow
line: Bottom salt mass accumulation by considering liquids with more than 10 wt% NacCl, and
halite. Unit is tons of pure salt. Dashed black lines show points of time pictureduire Big. b)
Red line:Maximum ouflow temperature. Green line: salt content of fluid with maximal outflow
temperature. After 900 years the green line shows maximal salt content of outflow. Green dashed
line show seawater salt content.




























































































































































