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Kurzfassung

Segmente des langsam-spreizenden Mittelatlantischen Riickens durchlaufen
abwechselnd Perioden tektonischer und magmatischer Krustenbildung. Ein
Hauptziel dieser Arbeit ist es die Hypothese, dass das tektonisch-magmatische
Stadium langsam-spreizender Riickensegmente die Position hydrothermaler
Quellen kontrolliert, zu beweisen. Hydrothermale Aktivitit wiirde wihrend
magmatischer Phasen nahe der Riickenachse auftreten und wire in tektonischen
Phasen von Storungszonen kontrolliert und wiirde in einer Entfernung zur
Riickenachse auftreten. Weiterhin tragen die Ergebnisse, die hier prisentiert
werden, dazu bei neue Einsichten tiber das Zwischenspiel von Permeabilitit
assoziiert mit z.b. Rissen und Stérungszonen, Magmatismus und hydrothermaler
Zirkulation in der ozeanischen Lithosphire zu gewinnen.

Numerische Simulationen wurden mit zwei verschiedenen 2D Finite Elemente
Codes durchgefiihrt. Ein mechanisches Model wurde entwickelt, welches fiir voll
visko-elastisch-plastische Deformation der Lithosphire an ozenischen Riicken 16st.
Modellierung der Meeresbodenspreizung unter variierenden tektono-magmatischen
Konditionen zeigt wie Krustenausdiinnung und sprode Deformation entlang von
Briichen mit der Dominanz tektonischer Prozesse, wenn der Riickenachse weniger
Magma zugefithrt wird, zunimmt. Die Zirkulation hydrothermaler Fluide in der
ozeanischen Kruste wird mit einem Model fiir pordses Flief3en simuliert, welches fiir
die Konvektion von inkompressiblem Wasser lost. Es wird dargestellt wie
Permeabilititskontraste in der Lithosphire die Temperatur, den Massenfluss und
die Energiebilanz submariner Hydrothermalfluide wihrend des Aufstiegs zum
Meeresboden  kontrollieren. Die Kontrolle permeabler Stérungszonen iiber
Temperaturen und Fliefmuster hydrothermaler Fluide wird am Logatchev 1
Hydrothermalfeld am Mittelatlantischen Riicken als Typbeispiel untersucht. Das
Logatchevfeld ist mit einer aktiven tektonischen Stérungszone assoziiert.
Gemessenen Mikroseismizitit und Meeresbodenbathymetrie sind im Model
inkludiert. Hochtemperatur-hydrothermalfluide kénnen nur effizient durch
permeable Stérungszonen flieflen, welche nicht zu breit oder zu durchlissig sind.

Ansonsten  tritt ein  deutlicher Temperaturabfall als Konsequenz von

-13-
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Durchmischung mit eindringendem kalten Meerwasser auf. Die Ergebnisse weisen
darauf hin, dass eine signifikante Menge hydrothermaler Zirkulation an langsam-
spreizenden Riicken, welche hiufig mit permeablen Stérungszonen assoziiert sind,
mit niedrigeren Temperaturen als an schnell-spreizenden Riicken auftritt. Dies ist
potenziell wichtig fir die Abschitzung der globalen Ausbreitung von SMS
Vorkommen an ozeanischen Riicken, welche sich am effizientesten bilden wenn die
Temperaturen von Hydrothermalfluiden héher als ~-300°C sind.

Die kombinierten Ergebnisse der Modellierung von hydrothermalen
FlieBprozessen und des mechanischen Models fir die Deformation ozeanische
Riicken zeigen wie die Position hydrothermaler Quellen von unterschiedlichen
Stilen der Meeresbodenspreizung kontrolliert wird. Dies bestitigt die anfingliche
Hypothese dieser Arbeit: die Lage der Warmequelle kontrolliert die Position von
hydrothermalen Quellen am Meeresboden in der Achsenregion unter magmatischen
Konditionen, wihrend die Position der Quellen in tektonischen Phasen von
permeablen Storungszonen kontrolliert werden, welche in einer Entfernung zur

Riickenachse am Meeresboden enden.

-14 -
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Abstract
Segments of the slow-spreading Mid-Atlantic Ridge (MAR) undergo shifting

periods of tectonic and magmatic crustal accretion. A key goal of this work was to
prove the hypothesis stating that the tectono-magmatic state of slow-spreading ridge
segment control the position of hydrothermal vent sites: hydrothermal venting
would occur in the axial region during magmatic phases and would be fault-
controlled and occur in a distance to the ridge axis during periods dominated by
tectonic activity. Further the results presented here provide new insights about the
interplay of permeability associated with e.g. fractures and faults, magmatism and
hydrothermal circulation in oceanic lithosphere.

Numerical simulations were conducted using two different Finite Element
based 2D codes. A mechanical model has been developed that solves for the fully
visco-elasto-plastic deformation of the lithosphere at oceanic ridges. Modeling of
seafloor spreading under varying tectono-magmatic conditions show how crustal
thinning and brittle faulting is increasing with dominance of tectonic processes,
where less magma is supplied to the ridge axis. The circulation of hydrothermal
fluids in the oceanic crust is simulated by applying a porous flow model, which
solves for the convection of incompressible pure water. How permeability contrasts
in the lithosphere control temperature, mass flux and the energy balance of
submarine hydrothermal fluids during their ascent to the seafloor is illustrated. The
control of permeable fault zones on hydrothermal vent temperatures and flow
pattern is investigated at the Logatchev 1 hydrothermal field on the MAR as type
example. The Logatchev field is associated with an active tectonic fault zone.
Measured microseismicity and seafloor bathymetry is included in the model. High-
temperature hydrothermal fluids can only efficiently flow along permeable fault
zones that are not too permeable or wide, otherwise a distinct temperature drop as
the result of mixing with entraining cold seawater occurs. The results imply that a
significant amount of the hydrothermal circulation at slow-spreading ridges, which
are frequently associated with permeable fault zones, is occurring at lower
temperatures than at fast-spreading ridges. This implication is potentially important

for the global estimate of SMS deposits at oceanic ridges, which most efficiently

-15 -
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form if hydrothermal fluid temperatures are higher than ~300°C.

The combined results from hydrothermal flow modelling and lithosphere-scale
mechanical model of oceanic ridges demonstrate how vent site location is controlled
by different styles of seafloor spreading, which confirms the initial hypothesis of this
work: the position of the heat source controls the location of on-axis hydrothermal
vents at the seafloor under magmatic conditions while the location is controlled by
permeable fault zones that are outcropping in a distance to the ridge axis under

tectonic conditions.

-16-
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1 Introduction

Just about one and a half decade after the discovery of seafloor spreading centers in
the mid 1960’s (see Chapter 6), oceanic ridges were directly investigated and
another highly exciting discovery was made: the first hydrothermal springs,
expelling hot fluids from chimney like structures at the seafloor, were sighted with
manned submersibles along the East Pacific Rise (see section 2.2.1, Corliss et al.,
1979; Spiess et al., 1980). Several scientific fields have significantly benefited from
this discovery. Submarine hydrothermal systems efficiently cool the young oceanic
crust helping to better understand the Earth’s global heat budget. It was possible to
make more accurate global heat flux estimates taking into account the large quantity
of heat advected into the oceans at hydrothermal vent sites (Macdonald et al., 1980;
Hamza et al., 2008; Hutnak et al,, 2008; Pollack and Chapman, 2008).
Hydrothermal circulation efficiently transports energy and mass through the
interface between oceanic crust and the ocean. Roughly a third of the heat
transported globally through the ocean floor is estimated to occur by convection via
submarine hydrothermal discharge (Lowell et al., 1995; Hutnak et al., 2008).
Furthermore it is calculated to be responsible for a quarter of the total heat loss
from the interior of the Earth in contrast to continental systems, which only
transport ~1% of the total heat (Lowell et al., 1995; Coumou et al., 2008).
Hydrothermal vent sites host extraordinary ecosystems in extreme environmental
conditions in the deep oceans far away from any source of light and at high pressure
(Spiess et al., 1980; Grassle, 1985; Martin et al., 2008). Moreover, potential ore
deposits form as a byproduct of hydrothermal circulation in the oceanic crust
(Hannington et al., 1995; Rona, 2008; Schardt and Large, 2009; Hannington,
2014). Until the discovery of submarine hydrothermal systems, Volcanogenic
Massive Sulphide deposits were only known and mined on land. After the discovery
of submarine hot springs it became clear, that Submarine Massive Sulphide (SMS)

deposits form around active black smoker sites at the seafloor, where the contact of

-17 -
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hot hydrothermal fluids with cold seawater causes dissolved metals in hydrothermal
fluids to precipitate sulfide minerals at the vent chimneys (German and Seyfried Jr,
2014). The detection of SMS deposits on the seafloor at hydrothermal vent sites
along oceanic ridges was also a major step for the assessment of the economic
potential of marine ore deposits (Rona, 2008; Hannington et al., 2011).
Nevertheless, many fundamental questions about submarine hydrothermal systems
remain open. Hydrothermal vent sites are being directly investigated with deep
diving instruments, which are powerful tools for data collection and have become
increasingly precise. Numerical modelling provides another effective method to
study hydrothermal processes in the oceanic crust. From fluid flow modeling we
can learn about fundamental thermodynamic processes of hydrothermal convection
in the crust (Geiger et al., 2005; Coumou et al., 2006; Lewis and Lowell, 2009;
Driesner, 2010; Weis et al., 2014). Parameters that control mineral and metal
deposition around vent sites at the seafloor like flow pattern, heat and mass flux as
well as crustal permeability structure can be simulated (Schardt and Large, 2009;

Weis and Driesner, 2013; Hasenclever et al., 2014; Weis, 2015).

1.1 Background of this work

New oceanic crust is continuously formed by tectonic and magmatic processes at
submarine oceanic ridges (see also part Il). Tectonic plates are separating at these
seafloor-spreading centers (Fig. 1.1a) with varying velocity. In theory active tectonic
processes decrease with spreading rate while magmatic activity increases (Baker and
German, 2004). When tectonic processes are dominating like at slow- spreading
ridges, crustal structure and dynamics are more complex than at fast-spreading ones.
Slow-spreading ridge segments, however, like at the Mid-Adantic Ridge (MAR),
undergo shifting periods of magmatic and tectonic phases (Escartin et al., 2008).
During tectonically dominated periods, seafloor spreading occurs asymmetric to the

ridge axis via large scale faults (Escartin et al., 2008). In this mode the extensional
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deformation of the crust is not fully balanced by magmatic accretion. Detachment
faults which expose Oceanic Core Complexes (ridge perpendicular bodies of
ultramafic rocks from the lower crust or upper mantle with typical corrugated
surfaces) onto the flanks of the axial rift valley are common (e.g. Tucholke et al.,
2008; MacLeod et al., 2009). Tectonic faulting also controls the circulation of
hydrothermal fluids in such settings, like at the MAR vent fields Logatchev (e.g.
Schmidt et al., 2007; Petersen et al., 2009), Rainbow (e.g. Douville et al., 2002)
and TAG (e.g. Canales et al., 2007; deMartin et al., 2007; Humphris et al., 2015),
which all appear distal to the ridge axis. Other hydrothermal sites along the MAR
are associated with ridge segments that show recent magmatic activity and are
located on-axis. The Lucky Strike (Langmuir et al., 1997; Dusunur et al., 2009;
Ondréas et al., 2009) and 5°S (e.g. Haase et al., 2007; Koschinsky et al., 2008) vent
systems as well Snakepit (Karson and Brown, 1988), Broken Spur (James et al.,
1995) and Menez Gwen (Charlou et al., 2000) are examples of this. At
intermediate to fast-spreading ridges practically all hydrothermal venting occurs on-
axis, close to the typically narrow basaltic neovolcanic zone (Baker and German,
2004).

The above described characteristics of hydrothermal activity at slow- spreading
ridges let me hypothesize about a relationship between the position of hydrothermal
vent fields and the tectonic state of slow-spreading ridge segments.

During magmatic phases slow spreading ridges might behave more similar to

fast spreading ones with hydrothermal venting occurring in the basaltic hosted axial

Figure 1.1 previous page: Illustration of key hypothesis of this work: off-axis hydrothermal activity
as a consequence of tectonic dominance (B) at segments of slow-spreading ridges like the MAR (A);
the ultramafic hosted LHF1 hydrothermal field is an example for such a scenario (B). The schematic
model of the Logatchev field (B-close up, modified from Petersen et al., (2009)) includes ship based
seafloor bathymetry of the area and illustrates the off-axis location of the LHF vent fields associated
with an outcropping, ultramafic detachment fault surface. When magmatic accretion is dominating
during seafloor spreading hydrothermal activity occurs vertically above the axial driving heat source
(C). The topographic basemap of the MAR (A) has been created with the GMRT data (Ryan et al.,
(2009)) in GeoMapApp (http://www.geomapapp.org). Also the two bathymetric profiles (B and C)
have been extracted from GeoMapApp, they have vertical exaggeration of 30.
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valley, with an on-axis magmatic heat source (e.g. Lucky Strike, 5°S). During
asymmetric, tectonic spreading phases, parameters which are secondary at fast-
spreading conditions such as auxiliary heat sources, detachment faulting and crustal
permeability, might well become the major controlling factors of hydrothermal
activity (see also Baker and German, 2004). Auxiliary heat sources could be
gabbroic intrusions and/or serpentinization processes in ultramafic rocks (e.g. Baker
and German, 2004; Schmidt et al., 2011). During asymmetric tectonic spreading,
magma is injected into the footwall of a detachment fault rather than into its
hanging wall (Escartin et al., 2008; MacLeod et al., 2009). This could serve as
driving off-axis heat source for hydrothermal circulation in a distance to the ridge
axis.

Since both the research of oceanic ridge systems as well as of the associated
hydrothermal processes is rather young (see sections 2.2.1 and Chapter 6), many
fundamental questions still remain unanswered. Direct investigations of the seafloor
with deep diving instruments are powerful tools for data collection which now
become increasingly precise. An additional efficient way of studying seafloor
spreading and hydrothermal processes is by numerical modelling. From mechanical
models we can learn about central processes during the creation of new oceanic
crust such as tectonic faulting (Buck and Poliakov, 1998; Buck et al., 2005; Behn
and Ito, 2008). Porous flow models can teach us about key thermodynamic
parameters of hydrothermal fluid circulation beneath the seafloor like heat, energy

and mass fluxes as well as flow patterns (Coumou et al., 2008; Ingebritsen et al.,

2010).

1.2 Research aim & thesis outline

The key goal of this work is to test the above hypothesis stating that the tectonic
state of slow-spreading ridge segments controls the position of hydrothermal vent
fields. During magmatic dominated phases venting would occur in the neovolcanic

zone at the ridge axis while venting would be fault controlled and shift to off-axis
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regions during tectonic phases. Moreover this work seeks to gain new insights on
the interplay of permeability e.g. associated with fractures and fault zones and
hydrothermal circulation in oceanic lithosphere at varying tectono-magmatic
conditions.

The above objectives are approached by numerical simulations using different
2D codes. A fluid flow model of porous convection of hydrothermal fluids in the
oceanic crust is combined with a lithosphere-scale, mechanical model that solves for
the fully visco-elasto-plastic deformation of the lithosphere during seafloor
spreading under varying tectono-magmatic conditions. Using such combined
modelling approach will help to find explanations for different styles of venting
observed at oceanic ridges and mark a key step forward in our quantitative
understanding about the interplay of faulting, magma supply and hydrothermal
processes at varying ridge spreading rates.

The following two chapters (Chapters 2 and 3) give a scientific geological and
numerical modeling background on submarine hydrothermal systems respectively.
In chapter 4 the control of a permeable fault zone on hydrothermal vent
temperatures and flow pattern is investigated using the Logatchev 1 hydrothermal
field on the Mid-Atlantic ridge as a type example, which is known to be associated
to active tectonic faulting. How permeability contrasts in the lithosphere affect the
energy balance during hydrothermal fluid flow is studied in further detail in chapter
5. Chapter 6 provides a background on relevant processes related to seafloor
spreading at oceanic ridges. Results from mechanical modeling of seafloor spreading
under varying tectono-magmatic conditions are presented in chapter 7, representing
ridge segments under different conditions at varying spreading rates. Implications
from the scientific findings of this work and remaining open questions are discussed
in chapter 8. Concluding remarks are made in the last chapter 9 also with respect to

how the results from this work relate to the above hypothesis.
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1.3  General numerical modeling approaches

The simulation of natural processes with numerical models naturally has its
limitations. Complex processes must be simplified in a way that they can be
reproduced by computational power. Assumptions and simplifications must be
made about processes that often are not fully understood. Assumptions about
submarine hydrothermal circulation or seafloor spreading are difficult to validate as
the processes take place within the oceanic lithosphere, where direct observations
are challenging. During each numerical modeling activity, the question naturally
arises, of how precisely the model can simulate the real system. However no
numerical model will ever or shall aim to simulate a natural system. Numerical
modeling can help to better understand basic physical processes that are active in
any natural system. If the basic processes for a model set-up, which aims to
investigate specific problems, are well understood, a model can be elevated to higher
complexity by e.g. including more variable parameters or by conducting simulations
in more dimensions. Furthermore modeling results strongly depend on assumptions
made, model set up chosen and parameter input. Numerical models can certainly
benefit if field data is used as input and/or simulation results are compared to
measured field data, as has been done in this work for the numerical study of the
Logatchev hydrothermal field (Chapter 4).

Geodynamic processes like the mechanical deformation of the oceanic crust
during seafloor spreading (viscous flow) as well as the flow of fluids in hydrothermal
systems (porous flow) can be mathematically described by systems of nonlinear
partial differential equations which mostly contain more than one independent
variable (PDEs). Together with elementary assumptions, the definition of a model
domain, conditions for the boundaries and initial conditions they are the basis of
any numerical modelling activity. It is not possible for most complex systems to
derive analytical solutions. Luckily equations can be solved computationally by

numerical techniques. In the following section the Finite Difference (FD) (e.g.
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Ismail-Zadeh and Tackley, 2010) and Finite Element (FE) method (e.g. Hughes,
2000; Zienkiewicz and Taylor, 2000) are introduced, which are widely used in
geodynamic modeling. The FE approach is applied as central solution strategy in

both numerical models presented in this work.

1.3.1 Conservation principles

The governing equations describing geodynamic processes follow the basic physical
laws of conservation of mass, momentum and energy (e.g. Bear, 1988; Turcotte and
Schubert, 2002; Ismail-Zadeh and Tackley, 2010). Major rock units, like the
Earth’s crust and mantle, are considered to be continuous on a macroscopic scale. A
continuous medium has no mass-free voids, i.e. any pores or fractures are assumed
to be filled with a continuous substance. This further implies that any movement of
points inside this medium must not create gaps and new material has to come in
place of the displaced part (e.g. Gerya, 2010). The continuity equation thus
describes the conservation of mass during the displacement of a continuous medium.
Fluid dynamics studies the motion of fluids, which are also assumed to be a
continuous medium, in response to applied forces. This deformation process has
already been described by Newton’s 2" law of motion:
f=ma,

that relates changes in velocity of an object, its acceleration # with mass 7 to the
force f acting on it. The momentum equation (see also Stokes equation, section
7.2.1) describes the conservation of momentum, which can be velocity, acceleration
or displacement (Ranalli, 1995), for a continuous medium in the gravity field and is
the differential equivalent to Newton’s Law of motion.

The heat equation (section 1.3.4 and 3.2.1.2) describes the conservation of
(thermal) energy and expresses changes in temperature of a continuous medium due
to conductive or advective heat transport or due to other sources that generate
internal heat by e.g. viscous dissipation, the heat generated by internal friction of

the fluid or in a geological context, e.g. the decay of unstable radiogenic isotopes or
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exothermic reactions such as the serpentinization of ultramafic rocks.

In systems which are locally not in thermodynamic equilibrium, physical
processes take place in order to reach stable conditions. During a numerical
simulation a system is balanced when the entire system has reached steady-state
conditions, where the energy entering the system is equal to the energy leaving it

and modelled variables remain constant in time.

1.3.2 Finite Differences

Mathematical derivatives can be approximated applying numerical differentiation.
The Finite Difference (FD) method is a basic numerical concept which uses
forward, backward or central finite difference expressions in order to approximate
differential equations that describe physical processes. Such a differential equation
(e.g. Equ. 1.3) is reduced to a discrete equation (Equ. 1.6), which can be solved
numerically. For this a continuous domain has to be divided into a grid of discrete
points (Fig. 1.2), at which approximate solutions are calculated. Values in between

these points have to be interpolated.

BC i-1 i i+1 BC
—_
& |at 7+l
g o . / . " ° o M1
= — — — — —
2 — ] —
g [ i-Ln i,n +1,n >
S e —e > - + o
[} T — — —— — s — — —
= i,n-1
° . T . e nl
AX

Figure 1.2: 1D Finite Difference grid with a discrete number (5) of nodes. Spatial dimension is
displayed in horizontal direction (x) and time () vertically. The current timestep is denoted by 7, (n-
1) is the previous and (n+1) the following timestep. The nodes which are included in the explicit
forward FD scheme (Equ. 1.7) are marked by the dashed line. Unknown temperature at time (72+1)
and current node position i are expressed in terms of the three known temperatures values of the
current timestep 7 including the two neighboring nodes (i-7) and (i+1). Boundary conditions (BC)
have to be specified at the two edge nodes, marked by the grey shaded areas.

From Fourier’s Law of thermal conduction, describing conductive heat flow g, in

dependence of gradients in temperature 7 and thermal conductivity :
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=—kVT
qheat (11)

the time dependent 1D heat diffusion equation can be derived, which describes the
change in thermal energy (J=p*cp*T) of an incompressible fluid over one time
interval as the change in conductive heat flux at a specific coordinate x in space:
T _ 0, ar

I
(1.2)

where p is density, cp heat capacity, 7' denotes temperature, x the spatial coordinate
and r time. This equation can be solved numerically by an explicit FD scheme,
where unknown future temperatures are calculated using known values from the
previous timestep (Fig. 1.1), as follows. If p, cp and x are assumed constant they can

be taken out of the derivative, and we obtain:

oT x O°T

or pcp Ox”

(1.3)

The partial derivative can be replaced by its forward (in time) finite difference

approximation:

aT B T;n+l _Tlvn _ ];n+1 _];n

(1.4)

Letter 7 denotes indices in time and 7 space indices, as visualized in the schematic
numerical grid (Fig. 1). The second spatial derivative is written as a central finite

difference approximation:

N

ox?  Ox

o'T _E(G_Tj ~__ AX  ax _ L 2T + T
ox Ax

(1.5)
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When equations 1.4 and 1.5 are substituted into equation 1.3 we obtain:

Tn+1 _ Tn Tnl _ 2Tn + T:
1 At 1 — Kdl/f 1+ 12 1

(1.6)
where Kar =p—lzp is the rock’s thermal diffusivity. If equation 1.6 is rearranged such

that all known temperatures are on one side:

T -2T"+T"

]’;PH-I — ]’l'n +KdiffAt( i+1 12 l—l}
Ax

(1.7)

it can be solved for the unknown temperature 7”at time 7+/. In this discretized

form differential equations can be solved numerically, depending on the size of the

problem this can be done by hand or by computation.

1.3.3 The Finite Element Method

Similar to the FD method, the basic principle of the FE method is the discretization
of a continuous problem into discrete subdomains (elements) for which
approximate partial solutions of differential equations describing physical processes
can be found (e.g. Bear, 1988; Hughes, 2000; Zienkiewicz and Taylor, 2000).
These subdomains are called finite elements and are formed by a grid with a defined
number of nodes (Fig. 1.3). Differently however to the FD method, the FE method
approximates solutions throughout the whole model domain and not just at the
discrete nodal points. Functions are solved per element but are added together to
contribute to the global solution over the whole model domain. The advantage of
the FE method is that elements do not need to be uniform, so that complex shapes
and structures can be represented by unstructured meshes (Fig. 1.3). The
mathematical principle of the FE method is the replacement of the governing

equations by integral formulations. Approximated solutions are computed at each
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numerical grid point with reference to neighboring nodes and interpolated into
associated elements. Nodal values are interpolate 7" onto points inside elements

by shape functions N, such that the approximate solution at coordinate (x,y) inside

the element is: I'=NT.

The basic FE approach is demonstrated on the example of the 2D heat diffusion
equation (Equ. 1.8). For simplicity the steady diffusion equation is considered,
where the heat flux is constant in time such that the time derivative on the left hand
side (lhs) (see equation 1.3 above) equals zero and constant thermal diffusivity K
can be neglected. We obtain following simple expression for a constant 2D heat
Aux:

o’T  o'T

ox’ N oy’

(1.8)
that we want to solve numerically using the FE technique. Since numerically we are
only able to obtain approximate solutions for temperature, equation 1.8 is not
strictly fulfilled. Equation 1.8 is turned into an integral expression over model

domain Q, where the integral is forced to zero instead:

2 2

j&{g f+gyﬂd§2=o
29

= (1.9)

Since equation 1.9 is only an approximation of equation 1.8 , it is called weak. The
residual error between approximation and exact solution is denoted by d. In the
weighted residuals method it is weighted over the whole domain in order to be

minimized. The FE approximation of the governing equation 1.8 is given by:

T 8T _ IN,(aZNT &’NT
axZ ayZ 5

6—2"1'—2de:0
oo (1.10)

In this FE approximation the transposed of the shape functions are also used as
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Figure 1.3: FE mesh consisting of 5654 nodes, which form 10.457 triangular 3-node elements of
varying size. Integration points are marked by the three crosses inside one element. Complex
geometries can well be resolved by unstructured FE-meshes, like the seafloor bathymetry at the top

of the model domain. The displayed mesh is a low resolution version of the LHF1 model domain in
chapter 4.

weighting functions for the residual error, which is called Galerkin method. The
number of shape functions equals the number of nodes per element and can be
written in coordinates referring to the global grid or in local coordinates referring to
the element. If written in local coordinates the advantage is that they can handle
any element shape. Each shape function has value 1 at one node and zero at all
others (Fig. 1.4) such that the sum of all shape functions equals 1 at any point

inside each element.

Figure 1.4: Example shape function
N, for node a of a quadratic element.

1 N, has value 1 at node a and zero at
all three other nodes. The sum of all
four shape functions thus equal 1 at
any point inside the element.
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Each finite element is assigned an identifying integer number, each nodal point is
assigned a global identifying integer, plus local coordinates that directly refer to the
grid. A Jacobian matrix is used to switch between global and local coordinates.
Which nodes belong to which element is defined by a connectivity matrix.

The second derivatives are removed from equation 1.10 applying the partial

integration rule for an integral over a product of two functions:

dQ=—|u'vdQd dl’
f!;uv f';u Y +?:>uv

(1.11)
2 2
We define that function # = N” and V:[ﬁ_]era_JYJ and obtain:
o~ Oy
2 2
jN'[a ]:]Jra ZijdQ:—I[aN AR 6N]TdQ+(]5(a—N+a—NJTdF
5 ox~ Oy s\l Ox ox Oy Oy ~\ox Oy (1.12)

The boundary integral will turn into a heat flux boundary term, which will equal
zero, assuming that no heat is entering or leaving our model domain. We now have
the final FE form of the steady 2D heat diffusion equation that we can solve

numerically:

(6N ON , ON'ON

oty ayJTdQ 0

(1.13)
Applying numerical integration the integral over the model domain is
approximated by the sum of approximated solutions at integration points inside each

element (see Fig. 1.3):

J-(GN ON , ON' 8NJ "‘P[aN'aN+aN ON 0

ox ox oy 0 T~ Zaa_a_a__
X Ox X Ox ni

sy (1.14)
Each element contributes to the global matrix equation system {A}[x]=[b], where

{A} is a coefficient matrix that in our example contains the derivatives of the shape

functions, [x] is a vector of unknown parameters, in our case temperatures 7 and
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[b] a vector of known values, in our case it contains zeros. System of equations like
above can be solved for the vector of unknown variables [x] using various
algorithms depending on the size of the matrix system and characteristics of the
coefficient matrix (e.g. sparsity, symmetry). Direct methods like e.g. Gauss
elimination, LU- or Cholesky factorization can be used if the problem is linear and
not too large such that it does not require too much computational time and also if
the matrix is not sparse. For large, sparse systems iterative methods like e.g. the
Jacobi —, Gauss-Seidel — or Conjugate gradient method can be used, where the

residual error is minimized in each iterative step (e.g. Ismail-Zadeh and Tackley,

2010).
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2 Background on submarine hydrothermal

circulation

Land-based geothermal systems have been known and utilized since historic times
as a heat resource for e.g. bathing and cooking from the indigenous Maori
population in New Zealand and for heating on Iceland (Faust and Mercer, 1979c¢;
Lowell, 1991). Hydrothermal hot springs on the seafloor have only been discovered
about 35 years ago (see section 2.1.2) and many fundamental questions still remain

to be studied.

2.1 Dehinition of a hydrothermal system & basic process

An active hydrothermal system requires two fundamental components: 1.) a
constant supply of water and 2.) a heat source at the base of the system driving the
convection of hydrothermal fluids (Lowell, 1991). Heat is typically supplied by a
magmatic source but also the regional geothermal gradient or exothermic chemical
reactions in the crust, such as the serpentinization of ultramafic rocks might
contribute (Lowell and Yao, 2002; Allen and Seyfried Jr, 2004). Permeable
pathways like faults and fractures in the host rock are essential in order for water to
circulate through the hydrothermal system (Alt, 1995; Wilcock and McNabb,
1996; Becker and Fisher, 2000). The convection of hydrothermal fluids is buoyancy
driven. Cold, dense fluids migrate downwards and get progressively warmer as they
approach the heat source at depth. Then they become more buoyant and naturally
rise back towards the surface (Fig. 2.1).

Hydrothermal activity is closely related to plate tectonics. The majority of
active hydrothermal vent fields are found along volcanically active plate boundaries
(Hannington et al., 2005; Beaulieu et al., 2013 and Fig. 2.2). They have first been
discovered in the late 1970’s (see section 2.2.1) and since then intensively been

studied at divergent plate boundaries, at the axis of oceanic ridges. At convergent
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2 | Background on submarine hydrothermal circulation

black smoker
seawater chimneys
>300°C

| 4 cold rechrge flow
LY \ (seawater)

Figure 2.1: Schematic model of a hydrothermal system at an oceanic spreading center. Cold

seawater, which is a constant source of fluid required to maintain a hydrothermal circulation cell,
migrates down through permeable pathways like faults and fractures in the oceanic crust. While it
approaches the driving heat source at depth, the fluid becomes increasingly warmer. A hot fluid is
less dense and rises back towards the surface by buoyancy driven flow. During the transport the
gradually heated fluid phase becomes increasingly effective in solving minerals and metals out of the
crustal rocks. Hydrothermal fluids of varying temperature are enriched in different chemical
elements. Hydrothermal fluids hotter than 300°C typically discharge at chimney like structures at
the seafloor and have a rich black color (black smokers, see also Fig. 2.4). Colder hydrothermal
fluids can be white or even clear (diffuse low).

plate boundaries hydrothermal activity is found along volcanic arcs or back-arc
spreading centers associated with subduction zones as e.g. along the Okinawa
Trough in the East China Sea, the Mariana Arc and Back-arc in the western Pacific
or along the submarine volcanic arcs and back arc basins related to the subduction
zone north of New Zealand (Fig. 2.2). Hydrothermal fields on the seafloor however
are also found in intraplate settings that are influenced by hot-spot activity, like e.g.
around Hawaii or the Azores. In the following section nature and fundamental
characteristics of submarine hydrothermal circulation, with a focus on systems

associated with oceanic ridges, will be addressed.
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2.2 Hydrothermal activity at oceanic spreading centers

At oceanic ridges, new oceanic lithosphere is produced by the interplay of
extensional tectonic as well as extrusive and intrusive igneous processes (Chapter 6).
These magmatic processes are considered to provide a major part of the energy
required to drive the convection of hydrothermal fluids through the oceanic crust
(Alt, 1995; Fornari and Embley, 1995; German and Seyfried Jr, 2014). In marine
settings the fluid phase is dominantly derived from seawater, which migrates
downwards along fractures and faults below the seafloor (Fig. 2.1). Fluid discharge
is typically focused on vertical, chimney-like structures on the seafloor in the axial
region of the ridge (Fig. 2.1 and 2.4). Oceanic ridges show very different
characteristics depending on spreading velocity (section 6.1), which also influences
the circulation of hydrothermal fluids in the crust. Due to the shallow magma lens
(section 6.1), which drives hydrothermal convection at fast-spreading ridges, the
hydrothermal convection cell only reaches down to a depth of ~2km (Alt, 1995;
Hannington et al., 2005). At slow-spreading ridges, where magmatic activity is
lower, such a magma lens seems to be absent (section 6.1) and hydrothermal fluids
migrate deeper down into the crust (Alt, 1995), which is overall colder and more
faulted. Hydrothermal convection cells, consisting of separate recharge and
discharge zones (Fig. 2.1) show a lateral extend of several km (Kuehn, 2004). It has
been estimated that hydrothermal fluids only need a few years between entering a
hydrothermal circulation cell and being discharged from a hydrothermal vent site at
the seafloor (Pirajno, 1992).

Baker et al. (1996) already suggested that the relation between spreading rate
and magma supply controls the abundance of hydrothermal vent sites along oceanic
ridges. Baker and German (2004) confirmed a linear correlation between
hydrothermal vents or plume frequency and magmatic budget estimated from the
thickness of the crust. Supporting their results they name the high number of

known active vent sites along fast-spreading ridges in contrast to slow-spreading
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Figure 2.2: Tectonic plate boundaries in marine environments: oceanic ridges at divergent
boundaries and trenches related to subduction zones in convergent settings. Also global distribution
of hydrothermal vent fields. Source: InterRidge Vents Database Version 2.1. Credits: S. Beaulieu, K.
Joyce, J. Cook, and S.A. Soule, Woods Hole Oceanographic Institution, 2015.

settings. If their findings apply to all spreading rates they predict a total number
~1000 active vent sites (-600 are known by now (Beaulieu et al., 2013 and section
2.2.1.2).

Preservation of fossil hydrothermal systems is rare because oceanic crust is
constantly consumed at convergent plate boundaries (Hannington et al., 2005 and
Fig. 2.2). Nevertheless, remnants of oceanic crust, emplaced on land can be found
in form of ophiolites e.g. in Oman, Cyprus or Northwest Spain (Gomez Barreiro et
al., 2010). The term ophiolite refers to a more or less complete assemblage of mafic
to ultramafic rocks from the oceanic crust and upper mantle. Ophiolites are
assumed to have originated from extensional back-arc basins and not from Mid-

ocean ridges (Hannington et al., 2005).
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2.2.1 Discovery of submarine hot springs

The scientific evolution that led to the discovery of submarine hot springs on the
seafloor at oceanic ridge crests in the late 1970’s has in detail been reviewed by
Lowell et al. (1995). The final discovery was made based on a complex interplay of
insights reached in various fields of geosciences. The first indication for circulating
fluids in the oceanic crust was indirectly coming from calculations of global
conductive heat flux through the seafloor in the mid-to end 1960’s. The first active
submarine hydrothermal vent sites were directly sighted with geophysical methods

and deep-diving instruments about a decade later.

2.2.1.1 Early evidence for fluid convection in the oceanic crust

The discovery of submarine hydrothermal activity at the ocean floor might have
been delayed by about twenty years due to a peculiar incident: already in 1948
anomalous temperatures and salinities originating from hydrothermal springs in the
Red Sea had been monitored during the “Swedish  Deep-Sea
Expedition” (Pettersson, 1948). Unluckily, at that time this was overlooked
because, it is said that geologist G. Arrhenius, was off board to his marriage in
Stockholm.

How heat flow studies of the seafloor coupled with models of an aging and
cooling oceanic plate created at oceanic ridges (Sclater et al., 1971), led to first
speculations about fluids circulating through the oceanic crust is portrayed by
Lowell et al. (1995). It became clear that predictions made by conductive heat flow
calculations did not fit the data acquired at the seafloor: the heat flow measured
close to the ridge axis was always lower than the one expected from the theoretical
calculations.

Talwani et al. (1971) were one of the first to suggest that this discrepancy
might be caused by circulating seawater in the oceanic crust, which efficiently

removes heat by advection. In the following year a detailed study on the thermal
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ridge axis Figure 2.3: Schematic illustration of
I

advective heat flux caused by discharging

| conductive heat flux: hydrothermal fluids at the seafloor,

| derived from anomaly in conductive heat

| COOling model flux data (modified after Stein and Stein,

\ (1994)). Close to the axis of oceanic
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———————— ridges a negative anomaly occurs in

measured conductive heat flux data
advective heat loss by compared to the flux expected from the
hydrothermal circulation lithospheric cooling model for an aging
plate. Convecting hydrothermal fluids
remove heat from the oceanic crust by
advective processes, which is most

>»age efficiently in the axial region.

balance of the Juan de Fuca Ridge was published by Lister (1972). It was stated that
circulating hydrothermal fluids have much greater influence on the thermal balance
of oceanic ridges than conductive cooling processes and that hydrothermal springs

were expected to be found at ridge crests.

2.2.1.2 Discovery of the first hydrothermal vent fields on the seafloor

The Red Sea hydrographical anomalies, that randomly had been monitored in 1948
(see section 2.2.1.1 above), were noticed and reinvestigated only much later, in the
1960’s, on transit during the International Indian Ocean Expedition (Deacon,
1960, 1964). At that time it was believed that hydrothermal activity was an
exceptional feature at that specific locality, linked to an early stage of ocean basin
opening (Lowell et al., 1995). Also by chance the TAG hydrothermal field had been
discovered in the early 1970’s through dredging of low temperature hydrothermal
minerals from the seafloor at 26°N on the Mid Atlantic Ridge during the Trans
Atlantic Geotraverse project (Rona et al., 1975). Active hydrothermal venting had
been confirmed by monitored water temperature anomalies at the same locality
(Rona, 1978). Hydrothermal activity was discovered in the same period at the
Galapagos Spreading Centre (Weiss et al., 1977) and the East Pacific Rise (EPR)
(Larson and Spiess, 1968) by deep-tow sonar technique. Weiss et al. (1977) were

able to proof the existence of buoyant hydrothermal plumes at the Galapagos Rift,
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hydrothermal vent sites were still not localized. Moreover at the Galapagos Rift a
strong helium anomaly, characteristic for hydrothermal brines, was detected during
the investigation of hydrothermal plumes (Lupton et al., 1977). The high *He/“He
ratio was explained by circulating hydrothermal fluids which transport *He from
the mantle to deep ocean water. Based on the combined findings at the Galapagos
Rift a research project with a manned deep-diving submersible (Alvin) was
conducted in February to March 1977 (Corliss et al., 1979). During that cruise low
-temperature hydrothermal vent sites (10-17°C) have directly been investigated. A
year later Spiess et al. (1980) detected signals from black smokers, high-temperature
(-380°C) hydrothermal discharge at the EPR through various geophysical
investigations. They also reported zoned sulfide minerals around the black smoker
chimneys.

Until today ~600 active hydrothermal vent sites in different tectonic settings
have been reported from global systematic explorations (Beaulieu et al., 2013 and
Fig. 2.2). Usually such exploration activities start from regional scales and move
towards more local investigations. At slow-spreading ridges hydrothermal activity is
more difficult to detect than at fast-spreading ones since there is no clearly defined
neovolcanic zone and hydrothermal activity is frequently associated with tectonic

fault zones in off-axis regions (Baker and German, 2004).

2.2.2 Classification and characteristics of submarine
hydrothermal systems

The temperature of hydrothermal fluids discharging on the seafloor is highly varying
between 5-407°C (Beaulieu et al., 2013). It is a characteristic parameter for the
classification of hydrothermal systems: low-T hydrothermal systems show vent
temperatures of <200°C and high-T systems of 200-400°C (Fornari and Embley,
1995). An exceptionally high fluid temperature of 464 °C has been reported from a
hydrothermal vent along the southern MAR (Koschinsky et al., 2008). However

globally already vent temperatures >400°C are not very common (Beaulieu et al.,
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2013).

Low-T systems often show a diffuse
style of venting, where clear hydrothermal
fluids are exiting at the seafloor with flow
rates much lower than at high-T systems
(Kelley et al., 2001; Johnson et al., 2010).
Circulating  hydrothermal fluids with
temperatures higher than 50°C are reacting
with minerals in the oceanic crust. Between
about 100°C and 300°C white ,smoke®
discharges at chimneys at the seafloor
enriched in ions of white silica, anhydrite
and barite (Hannington et al., 1995 and
Fig. 2.1). Flow rates are commonly on the
order of cm per second (Pirajno, 1992).
Moderate temperatures at hydrothermal
vent fields provide favorable conditions for
diverse biological communities (Grassle,
1985; Martin et al.,, 2008). At
temperatures >300°C hydrothermal fluids
give the visual impression of black smoke
due to their high strong enrichment in

minerals and metals from the crust (Fig.

2.1 and 2.4). Flow rates are usually high,
er Barad Dur from the Logatchev 1 hydro-
thermal field at the MAR (see also chapter

1992). High-T, black smoker  4). The chimney structure is approximately
5m high. Photographs were taken with the

hydrothermal  activity is  frequently  jion 11 ROV (WHOI) on the MSM 04/3
cruise on the Maria S. Merian (IOW) in
02/2007. Image by courtesy of Nico
around the discharge site on the seafloor  Augustin (GEOMAR).

on the order of m per second (Pirajno,

associated with sulphide mineral deposits
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(Herzig, 1999; Cathles, 2011; Hannington et al., 2011). In contact with cold
seawater the physio-chemical conditions are changed and the ability of the
hydrothermal fluid to carry dissolved metals, its solubility for different elements,
changes (Hannington et al., 2005). As a consequence sulfide phases precipitate at
the inner chimney wall from high-T hydrothermal fluids (Hannington et al., 1995).
Different minerals are precipitated dependent on temperature and chemistry of the
fluid. A mineral zonation is often observed at the chimney walls, representing
temperatures which decrease from the inside to the outside (Tivey, 1995).

A hydrothermal field on the seafloor commonly consists of several vent sites,
which show varying characteristics. The area of hydrothermal vent fields can range
from <100m?up to 150°m? (Lowell et al.,, 1995; Hannington et al., 2011).
Hydrothermal vent sites often consist of several chimneys that are roughly tens of
meters in diameter. A single submarine hydrothermal vent often undergoes phases
of varying styles of venting (Pirajno, 1992; Hannington et al., 1995). Diffuse
venting and white smoker activity might be the result of mixing with cold seawater
(Hannington et al., 1995). The chimneys from which hydrothermal fluids are
discharging have growth rates of up to several cm per day. Their heights vary
between a few cm to tenths of meters, venting is focused to narrow openings of a
few cm in the middle (Lowell et al., 1995). During the average lifetime of a single
chimney of 10 years it vents ~3x10'° kg of fluids (Pirajno, 1992). Chimneys
commonly grow on hydrothermal mounds, which consist of chimneys that have
collapsed after the phase of active hydrothermal venting. Large sulfide deposits,
which can be found on the seafloor, are often composed of several hydrothermal
mounds (Hannington et al., 1995).

Hydrothermal systems are reported from a wide range of depths: depth of 2-3
km is common, but systems are also found at shallow depths of only a few meters
e.g. in the Mediterranean Sea or close to the coast of volcanic islands. The deepest
active vent has been discovered in 2010 at almost S5km deep from the Mid-Cayman
Rise in the Caribbean Sea (Connelly et al., 2012).
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3 Numerical simulation of hydrothermal

circulation

One of the first approaches to numerically simulate hydrothermal flow in a
geothermal system on land was around 1960 (see section 3.1 below). Until today
our knowledge of key parameters of hydrothermal processes, as e.g. fluids properties
have become more detailed and precise. Computational efficiency has increased
significantly and numerical methods have been improved, such that more complex,

less simplified hydrothermal convection models can be designed.

3.1 Development of hydrothermal convection models

Reviews by Lowell (1991) and Ingebritsen et al. (2010) give a detailed overview on
the evolution of numerical simulations of hydrothermal systems since the middle of
the last century. Two basic types of models simulating fluid flow in hydrothermal
systems were described by Lowell (1991): ,pipe models” and , porous flow models®.
In pipe models a hydrothermal convection cell is divided into simplified recharge,
discharge and heating zones. The heterogeneous permeability distribution forces
fluid flow to these distinct zones. In early, simple pipe models temperature and
velocity fields were not solved in detail by but they could effectively describe e.g.
warm springs on Iceland (Einarrson, 1942 and Bodvarsson, 1950 in Lowell, 1991).
Porous flow models simulate the circulation of hydrothermal fluids driven by
convective instabilities in a fluid-saturated porous layer which is heated from below.
In an early porous flow models for hydrothermal circulation, finite differences were
applied to solve for heat transport and fluid flow e.g. in order to investigate the
onset of thermal convection in the Wairakei geothermal field in the Taupo Volcanic
Zone in New Zealand (Wooding, 1957; Donaldson, 1962; Ingebritsen et al.,
2010). Further numerical models were developed during exploitation of the

Wairakei geothermal reservoir. So called ,lumped parameter models did not
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consider a heterogeneous distribution of mass and energy in the convection cell, but
were restricted to total values crossing the boundaries of the modeled system
(Whiting and Ramey, 1969). They offered a simple way of describing the behavior
of a geothermal reservoir during exploitation (Faust and Mercer, 1979¢). In 1975
different research groups presented the first more advanced porous convection
models for both liquid and vapour-dominated hydrothermal reservoirs in which the
properties of the rock and the fluid were allowed to vary in space (Faust and
Mercer, 1979¢). In 1979 Faust and Mercer published mathematical models and
numerical solution techniques for 3D multiphase hydrothermal flow in porous
media using a pressure-enthalpy formulation. They compared finite difference and
finite element approaches and also applied their modelling approach to the
Wairakei geothermal reservoir (Faust and Mercer, 1979b, a, ¢).

Untl today porous convection models for the circulation of fluids in
hydrothermal systems have developed into high complexity and diversity. See also
porous flow model applied in this work to study the convection of fluids in the
oceanic crust (see Chapter 4 and 5). Combinations of finite volumes (FV) and finite
elements appear to be good implementation techniques (Geiger et al., 2004; Weis
et al., 2014). FV schemes are strictly mass conserving and thus good for resolving
mass and energy transport while FE methods are well suited for resolving the fluid
pressure field (Huber and Helmig, 1999; Driesner and Geiger, 2007a). Simulation
of submarine hydrothermal convection in three dimensions has been optimized
(Coumou et al., 2009a; Hasenclever et al., 2014). Today the physics of sub- and
supercritical phase separation of saline fluids are well understood e.g. (Bischoff and
Rosenbauer, 1984). The physical processes have been studied for hydrothermal
systems in the field (Cowan and Cann, 1988; Von Damm et al., 2003) and by
multiphase numerical modeling approaches (Driesner and Geiger, 2007a; Coumou
et al., 2009b; Weis et al., 2014). The thermodynamic properties of pure water and
saltwater (H,O-NaCl) differ (e.g. Cowan and Cann, 1988; Driesner, 2007;
Driesner and Heinrich, 2007; Coumou et al., 2009b). The NaCl component in
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saltwater adds complexity to the thermodynamic system. The critical point of
saltwater (407°C and 298 bar) is not a critical endpoint for phase separation as it in
the case of pure water. Saline fluids rather move between two supercritical
endmembers of a liquid-like and a vapor-like phase (e.g. Bischoff and Rosenbauer,
1984; Cowan and Cann, 1988; Driesner and Heinrich, 2007).

3.2 2D hydrothermal flow model applied in this work

Hydrothermal fluid flow in the oceanic crust is simulated by applying a coupled set
of non-linear equations for pressure and temperature (equations. 3.8 and 3.9). Parts
of this section (3.2), describing the hydrothermal flow model have been published
as supplement™® to the Geology paper (Chapter 4, Andersen et al., 2015).

3.2.1 Governing equations

3.2.1.1 Darcy’s Law of fluid flow

The convecting fluid is assumed to be pure water flowing through a rigid porous
material. Subscript-indices / and 7 are used to refer to fluid and rock properties,

respectively. Fluid flow through a porous medium is described by Darcy’s law:

.k -
v:—;(VP—pfg)

! (3.1)
which links fluid flow expressed as Darcy velocity v to the forces causing it on the
right hand side (rhs), where % is the permeability of the rock, us the fluid’s dynamic
viscosity, ps fluid density, pressure VP divergence and ¢ the gravitational
acceleration vector. The minus sign of the rhs term is due to the fact that fluids
naturally flow from high to low pressure. Only pressure gradients in excess of the

hydrostatic pressure (= pressure on a fluid at rest caused by the weight of fluid or

*GSA Data Repository item 2015032; doi:10.1130/G36113.1, available online at www.geosociety.org/

pubs/ft2015.htm
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other material above it) cause fluids to flow. The pressure gradient is influenced by
gravity, which is non-zero for the vertical direction. Fluid flow is focused to pores in
the rock and darcy velocity » can be scaled down to pore scale fluid velocity u,by

dividing it by porosity ¢: ur=v/p.

3.2.1.2 Conservation of mass and energy

Fluid mass transport in a porous medium is mathematically defined by the product
of Darcy velocity and fluid density. We assume a control volume (Fig. 3.1) with
porosity ¢, permeability # and a fluid with density p. The amount of fluid mass
inside the volume can be expressed as the difference between the mass flux entering

and leaving it:
9in— 90 = amount of mass inside the volume, (3.2)

providing a simple mass balance. If the incoming mass flux is higher than the
outgoing one the amount of fluid mass inside the volume increases and vice versa.
Pores are assumed to have a constant size and to always be filled. An increase in
total fluid mass inside the control volume thus has to be compensated by an
increase in fluid density, such that the fluids are compressed. Mass flux ¢ through a
side of the rectangular control volume (Fig. 3.1) is expressed as:

= AyA
q=(p,vp)AyAz (3.3)

Fluid mass flux g,,, leaving the volume can be described as the flux that enters the

volume plus the change of that flux over the length Ax of the volume:

8q in

qout = {in +

(3.4)
If the expression for outgoing mass flux described by equation 3.4 is substituted
into the simple mass balance equation 3.2, in combination with equation 3.3 we

obtain:
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Figure 3.1: Schematic illustration of
control volume control  volume for which mass

conservation is derived. A hydrothermal

|
|
I
din : Qout  fuid with density pr and viscosity uyis
I d to enter the volume - a porous
| — assume P
: medium with porosity ¢ and permeability
I 4y k - through the left side and exit at the
/-' —————————— === opposite. ¢ denotes fluid mass fluxes as in
s Equ. 3.3.
// Az qu. 3.3
Ax
Ap,vo) A(p,vp)AyAz
/ S/
TAxAyAZ =(p,v)AyAz—| (p,vp)AyAZ + —————

(3.5)
The above equation describes the change in the amount of fluid mass inside the

control volume in time. It can be simplified to:

% _

ot -V (‘7’01’ )

, (3.6)

which is the final mass conservation equation for fluid flow in porous media.
Substituting equation 3.1 for darcy velocity » into equation 3.6 and noting that the
fluid’s density is a function of temperature and pressure P, yields the pressure
equation:
oP or k -
9o, [IB/ E_Qfgjzv'[/’f_(vp_pfg)]

Hr , (3.7)

where oyand frare the fluid’s thermal expansivity and compressibility respectively.

Hydrostatic pressure in all our model applications, e.g. at the Logatchev 1
hydrothermal field (-30 MPa) (Chapter 4), is above the critical endpoint of pure
water (22.1 MPa) so that the fluid will always be in the (supercritical) single-phase
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region. This allows us to formulate energy conservation as a function of

temperature:

or ; Hy
(do,cp, +(1-)p,cp, )5 =V-(kVT)=p,cp,v-VT +=L7’ —(

6lnp) DpP
k

olnT , Dt (3.8)

Fluid and rock are assumed to be in local thermal equilibrium (i.e. 7=7,=7)) so

that the mixture appears on the left hand side (lhs) of equation 3.8. Changes in
temperature depend on heat conduction (1% term on rhs, see also section 1.3.2,
Equ. 1.3), heat advection by fluid flow (2" term), heat generation by internal
friction of the fluid (3% term; viscous dissipation; e.g. (Magyari et al., 2005 p.
374)), and pressure-volume work including dependence of enthalpy (4) on pressure
(4% term, (Bird et al., 2007 p. 337)).

All fluid properties (0, By, pr tiy, cpy) are functions of both pressure and
temperature (see examples Fig. 3.2) and are evaluated from pre-calculated look-up
tables based on the IAPS-84 formulation of water and steam properties. The tables
have been computed using the program PROST 4.1 (PROperties of water and
STeam developed by Bauer (1998)), which is available at: htp://
fuidos.etsii.upm.es/faculty/Jaime Carpio/Fumatas negas/PROST%20Properties%
200f%20Water%20and%20Steam.htm. The high water depth along the modeled

transect in chapter 4 causes a high hydrostatic pressure, which ensures that pure
water remains at supercritical pressure-temperature (P-7) conditions so that two-
phase phenomena do not need to be accounted for in our model. This is also

respected in all other model applications (Chapter 5).

3.2.2 Numerical formulation and solution techniques

We use 3-node triangular elements that form unstructured meshes. In the case
study of the Logatchev hydrothermal field (LHF) (Chapter 4) the model domain
consists of ~90k to 570k elements depending on the modeled fault width, which

corresponds to elements sizes between 0.4 m? and 40 m? inside the permeable fault.
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Figure 3.2: Pressure and temperature dependent fluid properties of pure water as well as fluid
enthalpy (all in log scale). The boiling curve for water is visible as a sharp contrast in density and
viscosity as well as fluid enthalpy at temperatures below 400°C and pressures of below 3x107 Pascal,
which roughly corresponds with the critical endpoint for subcritical phase transitions (boiling or
condensation). Above that point water is in a supercritical state, where transitions between a liquid-
like and a vapor-like phase occur gradually. Hot fluids (>400°C) in a vapor or vapor-like phase have
the highest enthalpy and are thus transporting most energy during hydrothermal convection. Due
to the inherent fluid properties of water, buoyancy-driven energy transport of a hydrothermal fluid
is optimized at a ~400°C (maximum fluxibility, Jupp and Schultz, (2000)), where both density and
viscosity are low, which allows the fuid to easily move (see also section 4.4 and chapter 5).

We solve the equations for velocity 3.1, pressure 3.7, and temperature 3.8
separately. Using an implicit Finite Element Method we solve equation 3.7 to

derive the pressure field and subsequently 3.1 to obtain Darcy velocities. Equation
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3.8 is solved by operator splitting: The advection term is treated by a semi-Lagrange
scheme with 2"-order accurate Predictor-Corrector integration along flow
trajectories and a cubic interpolation scheme on the unstructured meshes. The
diffusion part of the energy equation is also solved using an implicit FEM. This
algorithm has been implemented into a modified version of the MATLAB code
MILAMIN (Dabrowski et al., 2008). All matrix equations are solved using the
Cholesky direct solver of the numerical library SuiteSparse (Davis and Hager, 2009)

(hetp://www.cise.ufl.edu/research/sparse/SuiteSparse/).

3.2.3 Boundary conditions

At outer margins of any numerical domain it is necessary to set specific conditions.
All  0T'/0z=0 domain boundaries during our hydrothermal flow simulations are
impermeable except the top boundary, through which the fluid is allowed to enter
and leave the domain. All side boundaries are insulating. At the top boundary we
use mixed boundary conditions: Temperature is set to 4°C seawater temperature
where fluid enters the domain, and at discharge nodes the vertical temperature
gradient is set to zero to mimic free venting conditions. At the bottom boundary
either a Neumann condition where boundary nodes are given fixed values for
temperature or a Dirichlet condition is applied where the heat flux entering the
model domain is kept constant. In the model set-up of the LHF (section 4.3) a
Dirichlet boundary condition is used with a Gaussian-shaped heat flux profile

simulating the driving heat source at the base of the model domain:

(x—x, )2
Hf(X) =Hfmt 24Y T A 2
20
(3.9)
where x, denotes the center of the heat source at x,=6500m. Hf,, is chosen such

that the integrated heat-input along the transect is 12.5 kW per meter ridge axis —
a reasonable value for the Mid-Atlantic Ridge (Sinha et al., 2004). The width of the
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heat source, controlled by the half-width of the Gaussian curve, 0=1.25 km, was
chosen based on the approximate lateral extent of the zone of enhanced seismicity
in Figure 1. All hydrothermal flow calculations began with cold hydrostatic
conditions and were ran into thermal steady-state, at which all mass and energy

fluxes were balanced and the thermal energy inside the box remained constant.
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Abstract

High-temperature (>300 °C) off-axis hydrothermal systems found along the slow-
spreading Mid-Atlantic Ridge are apparently always located at outcropping fault
zones. While preferential flow of hot fluids along highly permeable, fractured rocks
seems intuitive, such efficient flow inevitably leads to the entrainment of cold
ambient seawater. The temperature drop this should cause is difficult to reconcile
with the observed high-temperature black smoker activity and formation of
associated massive sulfide ore deposits. Here we combine newly acquired
seismological data from the high-temperature, off-axis Logatchev 1 hydrothermal
field (LHF1) with numerical modeling of hydrothermal flow to solve this apparent
contradiction. The data show intense off-axis seismicity with focal mechanisms
suggesting a fault zone dipping from LHF1 toward the ridge axis. Our simulations
predict high-temperature venting at LHF1 only for a limited range of fault widths
and permeability contrasts, expressed as the fault’s relative transmissibility (the
product of the two parameters). The relative transmissibility must be sufficient to
“capture” a rising hydrothermal plume and redirect it toward LHF1 but low
enough to prevent extensive mixing with ambient cold fluids. Furthermore, the
temperature drop associated with any high permeability zone in heterogeneous crust
may explain why a significant part of hydrothermal discharge along slow-spreading

ridges occurs at low temperatures.

*Paper published in Geology 01/2015: doi: 10.1130/G36113.1
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4.1 Introduction

High-temperature hydrothermal systems at slow-spreading ridges are often linked
to fault zones that cut the seafloor several kilometers off-axis (McCaig et al., 2007).
Extensional deformation increases permeability and makes fault zones the preferred
pathways for hydrothermal fluids. The Mid-Atlantic Ridge (MAR) black-smoker
vent fields TAG (Trans-Atlantic Geotraverse; deMartin et al., 2007), Logatchev
(Petersen et al., 2009), and Petersburg (Shilov et al., 2012) are all located at such
faults that outcrop up to 16 km away from the ridge axis. Fault-related vent fields
are active over longer periods of time than ridge-centered hydrothermal systems at
fast-spreading ridges (50—100 k.y. versus 100-1000 yr; Jamieson et al., 2014). As a
consequence of this longevity, fault-controlled submarine massive sulfide deposits at
slow spreading ridges tend to be larger than their on-axis counterparts at fast-
spreading ridges (Fouquet, 1997). Fluids feeding these systems must be hot enough
(>300 °C) to transport metals from the crust to the seafloor (Hannington et al.,
2011). If fault zones were isolated conduits, hot hydrothermal fluids could easily
flow through them without significant cooling. However, fault zones are open
systems and, depending on their geometry and fluid-dynamic properties, significant
mixing between hot hydrothermal fluids and colder ambient fluids occurs.
Therefore, the fundamental dilemma in high-temperature fault-controlled
hydrothermal systems is that a certain permeability contrast is required to provide a
preferred fluid pathway but that mixing with colder ambient fluids should result in
a significant reduction in temperature.

These processes can be excellently studied at the fault-controlled Logatchev 1
hydrothermal field (LHF1), which is located on a segment of the MAR undergoing
tectonic extension and core-complex formation. Here we combine new
seismological data with numerical modeling of hydrothermal flow to elucidate the
hydrological regime beneath LHF1 and to show under which conditions fluid flow

along fault zones can be reconciled with the observed high vent temperatures.
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4.2 'The Logatchev 1 hydrothermal field

The LHF1 is located 8 km off-axis at 14.75°N on the MAR (Fig. 4.1a). High-
temperature discharge has been stable at ~300-350 °C for the past decade (Schmidt
et al., 2007). Evidence for detachment faulting and core complex formation is
manifested in outcropping serpentinized ultramafics and gabbroic rocks, in surface
structures (Petersen et al., 2009) as well as in off-axis seismic activity. New
seismological data were acquired during two deployments in 2009 (Fig. 4.1 and
Grevemeyer et al., 2013) and indicate that deformation is concentrated along the
eastern rift mountains in the vicinity of LHF1. Hypocenters of normal faulting
earthquakes roughly line-up with the outcrop of a fault zone near LHF1 (Fig. 4.1b)
and are likely to mark the subsurface continuation of the fault zone. This fractured,
more permeable region could be the preferred pathway for hydrothermal fluids
feeding the LHF1 vent system, and the diffuse seismicity pattern surrounding the
normal faulting earthquakes may reflect thermal stresses caused by this
hydrothermal circulation. The absence of earthquakes at depths >5 km below
seafloor (i.e., >9 km bsl; Fig. 4.1b) suggests that temperatures there are too high for
brittle failure (>600 °C) indicating a high geothermal gradient and possibly the

presence of an intrusion providing heat to drive the hydrothermal convection.

4.3 Modeling framework and setup

Based on the geophysical data discussed above, we constructed a two-dimensional
(2-D) numerical model for hydrothermal flow along the 8 km long transect shown
in figure 4.1. The numerical mesh follows the observed bathymetry and includes the
seismically imaged fault zone. Because the precise width of the fault zone cannot be
inferred from the seismic data., we have conducted calculations with width, &, of
the fault zone varying between 1 m and 2 km to cover the range from a narrow
permeable fault zone to a much wider deformation zone containing multiple faults.

In addition, we have varied the fault zone’s permeability, 4; to obtain different
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permeability contrasts (¢ = kdk,
= 3, 10, 30, and 100) with
respect to a background
permeability &, = 5 x 10-1¢ m2.
This  constant  background
permeability was chosen such
that a homogenous model
without fault zone predicts
both high-temperature venting
as  well as  magmatic
temperatures at depth for a
reasonable heat input. The heat
source is simulated by a
Gaussian-shaped profile and an
integrated heat input of 12.5
kW per meter ridge axis, an
average value for the MAR
(Sinha and Evans, 2004). The
heat source is assumed to lie
beneath an off-axis volcano
marked by a cluster of micro-
earthquakes ~ at  transect
kilometer 6.5, which is -2 km
to the west of LHF1 (Fig.
4.1b). See table 4.1 for rock
properties and other model
parameters.

The governing equations

for convection of supercritical
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Figure 4.1. A: Seafloor bathymetry around the off-axis
Logatchev 1 hydrothermal field (red star, LHF1) and ob-
served seismicity (red dots, first published by Grevemeyer
et al., 2013). Our numerical model is oriented along tran-
sect shown in blue. bsl—below sea level. B: Normal fault-
ing earthquakes (yellow dots) roughly line up along fault
zone dipping from LHF1 toward ridge axis. Locations of
oceanbottom seismometers are labeled b1, b2, and b4
(broadband) and 01-12 (short-period).
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pure-water, taking into account the thermodynamic properties of water, are solved
on an unstructured triangular mesh using the Finite Element method (see the GSA
Data Repository! and Hasenclever et al., 2014 for details). All simulations were run
until steady-state temperature fields evolved and hydrothermal heat flow at the

seafloor was equal to magmatic heat input.

Table 4.1: Applied model parameters.

Parameter Value Unit Note: ks is fault permeability, 4, is
Half width heat source, o 1.25 km  background permeability.
Fault width, o 1-2000 m *k, = 0.5 x 10 m? was used in

Rock properties simulations described in the main text;
S — the others apply to simulations in the

i -a
DE‘F‘ISI‘.@' 2750 kg m Data Repository! and to simulations in
Porosity 10 % h . .
- " chapter 5 of this thesis.
Conductivity 2 Wm K-
Specific heat 880 Jkg 'K~ Fluid properties are evaluated from
Background 0.5x, 1x, 2x107 m? look-up tables computed using the

permeability™, &
Permeability contrast, 3,10, 20, 100
c=klk,

Fluid properties

program PROST 4.1 (Properties of
water and Steam) based on the IAPS-
84 formulation developed by Bauer

: (1998); see the Data Repository' for
Thermodynamic tables for pure water? detail
etails.

4.4 Simulation results

Figure 4.2 shows the three different regimes of hydrothermal convection that we
identified in our 66 model calculations. In figure 4.2, the fault has a 10 x higher
permeability compared to the surrounding crust and only it’s width is varied. When
the fault width is small (d = 10m; Fig. 4.2a) the rising hydrothermal plume is not
captured so that high temperature venting occurs above the heat source rather than
at the location of LHF1. When the fault width is increased to 30 m (Fig. 4.2b), the
plume is deflected into the fault zone and high-temperature venting (-330°C) is
predicted at the location of LHF1. Increasing the fault width even further (150m;

Fig. 4.2¢) leads to strongly enhanced upward mass flux within the fault combined

!GSA Data Repository item 2015032; doi:10.1130/G36113.1, available online at www.geosociety.org/

pubs/ft2015.htm
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Figure 4.2: Three example calculations with constant fault (kr= 5 x 105 m?) to background (4, =
0.5x107'5 m?) permeability contrast ¢ = k/k,= 10. We only varied fault width (4). Isotherms for 100,
200, and 300°C in white. Black flow lines show pattern of convecting hydrothermal fluids. A: Fault
width 10m. Rising plume is almost unaffected and high-temperature venting (>340 °C) occurs
vertically above heat source. B: Fault width 30m. Rising plume is redirected, and high-temperature
venting occurs at location of Logatchev 1 hydrothermal field (LHF1). The increase in mass flux
inside the fault zone leads to the lower vent temperature compared to A. C: Fault width 150m.
Further increasing fault width leads to significant increase in mass flux that causes entrainment of
ambient colder fluids. As a consequence, maximum vent temperature at fault tip is strongly reduced.

with a significant decrease in vent temperature to ~-285°C, in disagreement with
measured vent fluid exit temperatures at LHF1 (-350 °C; Schmidt et al., 2007).
We have systematically varied fault width and permeability contrast in our
model calculations and find similar trends for each permeability contrast (Fig. 4.3).
When the fault is very narrow, vent temperatures are as high as observed but
venting occurs above the heat source rather than at LHF1 (open symbols in figures
4.3a and 4.3b). For wider fault zones, the hydrothermal plume is redirected toward
LHF1 but vent temperatures are gradually reduced (filled symbols in figures 3a and
b). We have also tested varying background permeabilities (see additional 32
simulations in the GSA Data Repository' and Chapter 5 of this work) and find
that only the overall maximum vent temperature decreases if background

permeability is higher, consistent with the thermodynamic processes described by
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Figure 4.3: Results of all simulations with background permeability 0.5x10-'>m2 Symbols indicate
different permeability contrasts, ¢, and their color shows maximum vent temperature. Filled symbols
are simulations with venting at fault tip at Logatchev 1 hydrothermal field (LHF1); open symbols
indicate venting above heat source. A: For every permeability contrast, vent temperatures decrease
with increasing fault width. B: Enlargement of part of A. For each permeability contrast, a minimum
fault width (connecting black lines) exists above which the rising plume is redirected toward LHF1.
C: Vent temperatures systematically decrease with increasing integrated mass flux through seafloor.
Model results are well fitted by theoretical vent temperatures calculated from equation of state for
pure water (curves for 0%, 10%, and 20% conductive cooling at seafloor). D: Mass flux and
corresponding vent temperatures as function of relative fault transmissibility (fault width times
permeability contrast). Inset shows that the transition from venting above heat source to fault-
controlled venting at LHF1 occurs over a range of fault transmissibilities of 200-360m (gray
shading). For transmissibilities above 360m, all venting occurs at LHF1 but at progressively lower
temperatures for transmissibilities above 1000m.
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Driesner (2010). Nonetheless, for each permeability contrast there is an optimal
fault width that maximizes the vent temperature at the fault termination.

The fluid-dynamic and thermodynamic mechanisms responsible for the trends
in figure 4.3a can be explained by the fluid mass fluxes (Figs. 4.2 and 4.3¢). The
fluid-dynamic influence of a more permeable fault zone is twofold: (1) the inclined
geometry of the fault zone induces a horizontal pore-pressure gradient that deflects
the mainly buoyancy-driven vertical fluid flow, and (2) the higher permeability
within the fault zone results in higher fluid velocities and thereby a higher mass flux
compared to upflow outside the fault zone. The example runs shown in figure 4.2
illustrate this: In (A) the mass flux near the fault zone is slightly enhanced but not
sufficient to deflect the plume. With a wider fault (B) the horizontal pore-pressure
gradient induced by the permeability contrast is sufficient to redirect the entire
plume. The mass flux inside an even wider fault zone (C) is further enhanced and
causes entrainment of ambient cold seawater, thereby reducing the temperature of
the venting fluid.

For a given magmatic energy input, an increase in total discharge mass flux
must result in a decrease in vent temperature in order for the transported energy to
remain the same. This is highlighted in figure 4.3c, where total discharge mass flux
through the seafloor is plotted against maximum vent temperature. Clearly, the
higher the mass discharge rate the lower the discharge temperature. The same
conclusion can also be reached from a theoretical point of view. Submarine
hydrothermal systems are known to operate close to optimal efficiency (Jupp and
Schultz, 2004). This implies that rising hydrothermal plumes have a dominant
temperature — the one that maximizes buoyancy-driven energy transport (maximum
“fluxibility”, Jupp and Schultz, 2000). With this assumption of a dominant
characteristic temperature in the upflow zone, a simple energy balance between
basal heat input and advective heat loss can be formulated:

On = (T = Tow) — (T = 4°C) (4.1)
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Q;, denotes total magmatic heat input in W/m, my is  fluid mass flux (both
recharging and discharging in steady state) in kg/s/m, and 4 is the temperature-
dependent specific fluid enthalpy in J/kg evaluated at a constant pressure of 30
MPa. Employing the equation-of-state of pure water equation 4.1 can be solved for
the venting temperature 7., providing a theoretical relationship between
discharge mass flux and discharge temperature. This theoretical relation is shown as
three curves in figure 4.3c, corresponding to cases in which 0%, 10%, and 20% of
the basal energy input is conductively transported through the seafloor. In our
simulations we quantify the conductive heat flow through the seafloor to be 10-
20% of the basal heat input, which explains why most of our predicted venting
temperatures plot between these theoretical temperatures.

The striking agreement between modeled vent temperature and the theoretical
estimate highlights the strong relationship between discharge mass flux and vent
temperature. If we define a fault’s relative transmissibility as the product of its
width and its permeability contrast to the surroundings, we can examine how
relative transmissibility, discharge mass flux and vent temperature are related. From
figure 4.3d, we see that the higher the relative transmissibility, the higher is the
total mass flux and the lower is the vent temperature— and only a narrow range of
relative fault transmissibilities exists for which venting occurs at the fault zone

termination with the observed high-temperatures.

4.5 Discussion

The repeated observation of high-temperature off-axis venting on fault traces could
have two possible explanations: (1) The driving heat source is located vertically
beneath the fault outcrop and the fluids rise more-or-less vertically through less
fractured low-permeability rocks, exiting by chance on a fault outcrop. While this
could be an explanation for a single vent site, we see no reason to expect it to be

generally applicable for the many cases of fault-related high-temperature venting
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(e.g. TAG, LHF 1, etc.). (2) As suggested by our numerical results venting fault
zones must have a relative transmissibility high enough to redirect a vertically rising
plume but low enough to minimize mixing processes between hot hydrothermal
and cold ambient fluids. This then raises the question of whether this condition is
an innate characteristic of venting faults or whether processes associated with
hydrothermal flow somehow modify fault width and/or permeability to favor high-
temperature flow.

Potentially important processes for facilitating fault-controlled  high-
temperature venting are precipitation reactions within the fault zone that clog pore
space in an initially too wide or too permeable fault zone. Anhydrite, for example,
will precipitate from ambient seawater when it is heated over a temperature interval
of 150-200 °C (Seyfried and Bischoff, 1981). This would lead to a progressive
sealing of porosity in the fault zone, reducing its relative transmissibility. Silica
precipitation may have a similar effect. Such precipitation reactions would
progressively reduce mass flux within the fault zone until mixing processes between
hot hydrothermal and cold ambient fluid are minimized. At this point,
hydrothermal upflow temperatures would reach their maximum. Testing such a self
-adjusting mechanism for various initial fault geometries is, however, beyond the
scope of this study.

The here studied processes may well be the reason why diffuse low temperature
venting is more common than high-temperature venting (Baker et al., 1993).
Especially slow-spreading ridges such as the MAR, whose tectonically dominated
accretion mechanisms form more heterogeneous crust than fast-spreading ridges,
may have a much larger fraction of low- than high-temperature discharge.
Supporting evidence comes from global mass-balance budgets for hydrothermal
metals in the ocean: If hydrothermal cooling of the young ocean floor would
predominantly result in high-temperature venting, the amount of copper carried by
the fluids and deposited at the seafloor in the neovolcanic zone should be much

larger than observed (Cathles, 2011; Hannington, 2013).
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4.6 Summary & Conclusions

High-temperature black smoker systems along slow-spreading ridges such as the
MAR are almost always related to tectonic fault zones and therefore are frequently
found off-axis. Here we have shown that the intuitive assumption of more efficient
high-temperature upflow along high-permeability fault zones only can work under
specific conditions. To do so, fault zones need to be just permeable and wide
enough to capture and redirect hydrothermal plumes rising from depth but, since
they are not isolated conduits, must not be too wide or permeable to prevent
cooling through mixing with ambient colder fluids. The frequent occurrence of fault
-linked high-temperature vent fields strongly points at a not yet quantified self-
adjusting permeability that depends on pore-space clogging reactions between
hydrothermal and ambient cold fluids.

Based on these findings and the seismological data, a consistent picture for the
Logatchev 1 vent field may be drawn: A magmatic intrusion below a cluster of
earthquakes 2 km west of LHF1 drives high-temperature hydrothermal convection.
A fault zone, indicated by normal faulting earthquakes, has the optimal relative
transmissibility (either by coincidence but more likely by some self-adjusting
precipitation reactions) to redirect the rising hydrothermal plume toward the
location of the LHF1, resulting in the observed high-temperature venting at the tip
of the fault zone.

Our findings further show that an intrinsic relationship exists between
permeability, mass flux, and upflow temperature. The higher the permeability, the
higher the mass flux, and the lower the vent temperature. This simple relationship
may well explain the sparse high-temperature vent fields along the MAR and why
the heterogeneous crust of the Atlantic, with its strong permeability contrasts,

predominantly cools by lower temperature fluid flow.
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Abstract

Slow-spreading ridges produce highly heterogeneous crust along their tectonic and
magmatic segments with significant permeability contrasts across structural and
lithological interfaces. The crustal permeability structure has a strong control on
vent field location such that off-axis hydrothermal systems are frequently located at
outcropping fault zones on the seafloor. We have previously shown that preferential
flow of hydrothermal fluids along high-permeability conduits inevitably causes a
temperature drop. This is difficult to reconcile with fault-related high-temperature
venting that has been observed. Here we further address this problem by exploring
the energetics of hydrothermal convection in heterogeneous ocean crust using 2D
flow simulations. We focus our analysis on the energy balance of rising
hydrothermal plumes and on mixing processes at permeability boundaries and have
established a more robust theoretical framework for hydrothermal flow through
heterogeneous ocean crust. A semi-analytical relation between heat input, upward
mass flux and temperature in the upflow zone is used to predict vent temperatures

in systems with a heterogeneous permeability field.

5.1 Introduction

Recent advances in hydrothermal flow modeling have revealed the key
thermodynamic and fluid-dynamic controls on hydrothermal convection patterns
and vent temperatures at oceanic spreading centers. The observed upper limit to

black smoker vent temperatures of approx. 400°C can be explained by the

*Paper in preparation
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thermodynamic properties of water (Jupp and Schultz, 2000). 3D models of
hydrothermal flow at fast-spreading ridges show cylindrical upwellings with closely
interwoven recharge flow (Coumou et al., 2008; Hasenclever et al., 2014). Driesner
(2010) has shown that black smoker temperatures can only be reached when rock
permeability is not too high, since vent temperatures decrease with increasing
homogenous permeability. These studies provide a robust theoretical basis for
hydrothermal flow observations at fast-spreading ridges, which commonly are not
associated with sharp permeability contrast. The situation in slow-spreading
environments like the Mid-Atantic Ridge is different since significant
heterogeneities in the permeability field have a major influence on hydrothermal
fluid temperatures.

In addition to the simulation runs which examined the hydrothermal
circulation of the Logatchev 1 field at the Mid-Atlantic ridge (Chapter 4, Andersen
et al., 2015) we have conducted a series of simplified model runs, which were
performed to assess further details of mixing processes at permeability boundaries by
looking at the energy balance of rising hydrothermal plumes. Moreover the
simplified model runs help to evaluate the role of fault dip and bathymetry on the
relation between permeability, hydrothermal flow pattern, mass flux and resulting
vent temperatures at the seafloor. All runs assume a flat seafloor at the top of the
domain; the permeability field is becoming increasingly more complex: following
hydrothermal flow simulations in a model domain with a homogenous
permeability, we conducted a set of runs with a layered set-up, including a
permeable upper layer. The next, more complex runs include a vertical fault zone
(i.e. a slot). The same processes that control vent temperatures in the more complex
Logatchev (Chapter 4) setup can also be identified in the simplified model runs
including a vertical slot. The higher the relative fault transmissibility, which is
controlled by slot width and permeability contrast to the surrounding (section 4.4),
the higher is the mass flux in the slot and the more cold water is drawn into the slot,

which reduces the upflow temperature.
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5.2 ‘Theoretical framework

Simplified 2D flow models can be used to predict temperatures of hydrothermal
fluids in the upflow zone within a permeable layer and in a permeable slot (see Fig.

5.1). If we assume a cold hydrostatic pressure gradient (VP = pog) in the upflow

zone, Darcy’s law (see also Equ. 3.1) can be used to compute upflow velocities v,,:

k
v, =——(pg— p,(T,)8 (5.1)
u(YZ,)( ’ )

Subscript # refers to upflow properties and g = -9.81 is used as value for the
gravitational acceleration vector (see table 4.1 in chapter 4 for all other model
parameters). The total discharging mass flux 7z, (see also section 3.2.1.2) leaving

reaction zone 1 in figure 5.1 is described by:

with L being the half width of the rising hydrothermal plume. Equation 5.1 and 5.2
show clearly that upflow velocity and consequently mass flux is directly dependent
on permeability and indirectly (via fluid viscosity and density) on temperature
inside the upflow zone. Energy conservation (see also section 3.2.1.2) requires that
the energy (mass flux times specific fluid enthalpy 4, which also is temperature

dependent) of the fluids leaving the reaction zone is equal to the energy carried by

the recharge flow plus the energy input from the magmatic heat source Q;:

Mass conservation (see also section 3.2.1.2) requires that the recharging mass flux is

equal to the discharging mass flux (2,=m,), such that we can express the magmatic

heat input as:

Q, =, (1,)-(h(T) =) 54
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Figure 5.1: Schematic model set-up for the regions referred to in the derivation of the semi-
analytical solution (Equ. 5.4, section 5.2). The dark grey area marks a permeable slot, the light grey
area an permeable upper layer.

where 7}, is upflow temperature and 4, refers to the specific enthalpy of cold
recharging seawater. This equals equation 6 (p. 137) in Driesner (2010) and
equation 7 in Jupp and Schultz (2004). Driesner (2010) successfully used this
equation to predict and explain temperatures in the upflow zone for a homogenous
medium and a constant heat input. Equation 5.4 can be used to predict fluid
temperatures in the upflow zone for a given energy input. Since equation 5.4 does
not provide a direct analytical solution for 7;,, which has to be solved for by a root
finding algorithm in combination with the equation of state for water, we call it

semi-analytical solution (see example Fig.5.3).
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5.3 Simulation results

In all model runs the peak of the Gaussian-shaped heat source is located in the
center of the lower model boundary and the heat input is constant (Q = 12.5 kW
per meter ridge axis as typical value for the slow-spreading MAR, Sinha and Evans
(2004)). The same numerical approach as described in section 3.2 is applied for all

hydrothermal flow simulations presented in this chapter.

5.3.1 Homogenous and simple layered systems
The temperature field of a layered model domain with a permeable upper layer
(permeability upper layer: 10'* m?, permeability lower layer: 2x10'°m?
permeability contrast: ¢=5) is shown in figure 5.2. The rising hydrothermal plume is
narrowing and peak temperatures inside the plume are decreased when the plume is
crossing the permeability boundary between the two layers.

Fig. 5.3 shows vent temperatures and mass fluxes computed by the
hydrothermal flow model for homogeneous permeability field (red crosses) and for a
layered (2km x 2km, as in Fig. 5.2) system (green circles) compared to the semi-
analytical solution (Equ. 5.4) derived above (blue curves). Fluid properties are
evaluated at 35 MPa and the half width L of the upflow zone is set to 50m (roughly
corresponding to the narrow hydrothermal plume in the permeable upper layer, Fig.
5.2). Vent temperatures and mass fluxes from model runs with a homogeneous
permeability agree well with both the vent temperatures and mass fluxes predicted
from the analytical solution. In the layered model runs the lower layer has a
constant permeability of 2x10-">m?as above and the permeability of the upper layer
is systematically varied between 3x10->m?and 10®m? (corresponding to values ion
the x-axis). It can clearly be seen, that vent temperatures in a layered system are
controlled by the higher permeability of the upper layer and can thus be predicted
from the semi-analytical solution in the same way as a homogenous system (with

the higher permeability of the upper layer).
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Figure 5.2: Temperature field of a rising hydrothermal plume in a layered system. The plume is
significantly narrowed and temperatures are reduced when it crosses the boundary to the more
permeable upper layer.

5.3.2 Heterogeneous systems including a vertical slot

As a next step we have conducted two series of model runs, which include a vertical
permeable slot as shown in figure 5.1 (also Fig. 5.5) with a permeability of 5x10-
m?and 10"*m? respectively. The background permeability was remaining constant
on 2x10"°m?, the dimensions of the model domain was 2km x 2km. The width of
the slot has systematically been increased from 50m to 1km in order to investigate
the influence of slot width on vent temperature. It can be seen how both sets show
a clear decrease in vent temperature with increasing slot width (Fig. 5.4). The vent

temperature from the model run with the homogeneous permeability of the
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Analysis for Q = 12.5 kW/m
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Figure 5.3: Temperatures and mass fluxes from numerical simulations in a system with
homogeneous permeability (x-axis) and in a layered system agree well with the semi-analytical
solution (Equ. 5.4). The lower layer In the layered model runs has a constant permeability of 2x10-
>m?and the permeability of the upper layer varies between 3x10">m?and 10"¥m? (x-axis).

background marks an upper endmember for both set of runs (red star). This
homogeneous endmember can also be viewed as a slot run with infinitely small slot
width. On the lower end each set of runs approaches the vent temperature
corresponding to the homogeneous set-up with the higher permeability of the slot.
A very wide slot is approaching the layered set-up described above, for which vent

temperatures can be predicted from the semi-analytical solution. Therefore, the
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Analysis for Q = 12.5 kW/m

Figure 5.4. Systematic results
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width of the slot seems to be the parameter which determines the vent temperature,
which lies between the two endmember values controlled by background and slot
permeability respectively. In agreement to our previous findings (Chapter 4) vent
temperature are thus decreasing with increasing transmissibility of the slot
(width*c). In this hydrothermal system, associated with a heterogeneous
permeability, vent temperature thus depends on the slot width, which defines an
average (or effective) permeability along the fluid pathway.

To further illustrate the active processes and to investigate the control of the
model dimension as well as to compare the slot results to the results from the
Logatchev hydrothermal field from chapter 4, we have conducted additional slot
runs using a larger model domain (-5.5x5.5km). Results from these runs are
illustrated in figure 5.5, which show runs with 500m and 5km wide slots and a
permeability contrast between slot and background rocks of ¢=3 and 50. The flat
seafloor at the top of the domain is assumed 3.5 km below sealevel, which is the
average depth of the LHF1 transect (Fig. 4.1). The slot extends 3.5km below the
seafloor which roughly corresponds to the depth where the plumes enter the fault in

the more complex LHF1 setup. Vent temperatures decrease from (a) to (d) with
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Figure 5.5: Results of simulations including a flat seafloor 3.5 km below sealevel and a vertical slot
with width 4. The permeability contrast between slot and surrounding is given by ¢= 3 in (A and B)
or ¢= 50 (D and C). Slot transmissibility (y=c*4) increases from A to D, which results in a constant
increase in mass flux with a decrease in vent temperature as the consequence of entraining cold

seawater.

increasing relative transmissibility y = 4%, (¢ = permeability contrast between slot
and background). In (a) mass flux increases when the hydrothermal plume is
entering the 500m wide slot. Recharge flow, indicated by the downward mass flux
in blue and by the black flow lines, occurs mainly through the low-permeability
rocks in the vicinity of the slot. Recharging fluids feed the lower part of the rising,
400°C hot plume (indicated by white isotherms) and as consequence resulting vent
temperature at the top are high (326°C). In (b) the relative transmissibility of the
slot is enhanced by increasing slot width by a factor of 10 to Skm. A separate upper
recharge convection cell develops inside the wide slot. The cold seawater entrains the

rising hot hydrothermal plume at the base of the slot further away from the heat
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source at depth. This extensive mixing in the upper part of the hot plume leads to
significantly reduced vent temperatures in contrast to the narrower slot with the
same permeability structure (a). The high permeability contrast in (c) and (d)
strongly increases the mass flux inside the slots. In both cases a hydrothermal
recharge and discharge flow occur next to each other inside the slot. In the narrower
slot (c) the recharge flow inside the slot can be identified by the downwards mass
flux indicated by the dark green color. The rising hydrothermal plume is narrowed
and mixes with the colder entraining fluids. A high permeability contrast in a wide
slot (d) yields the highest relative transmissibility and hence the highest mass flux
which results in the lowest vent temperatures of the four calculations.

In chapter 4 simulation results of the Logatchev 1 field were presented, where
fault width and permeability contrast have systematically been varied. For each
permeability contrast all sets of runs show the same trend: if the fault is narrow,
vent temperatures are high but venting occurs above the heat source rather than at
the known position of the LHF1. Increasing the fault width leads to venting at
LHF1 but vent temperatures decrease (Fig. 4.3 and filled symbols in Fig. 5.6). We
have performed a series of 29 additional simulations with the above described set-
up including a vertical slot (Fig. 5.5). The width of the vertical slot has been varied
between 200m and 5km. Symbols with grey filling are vent temperatures from the
slot runs and solid filled symbols are the vent temperatures from the LHF1
simulations (Fig. 5.6). It can clearly be seen that even if vent temperatures from the
more complex LHF1 simulations are systematically lower, they nicely match the
trends of the simplified slot simulations. This implies that the same mixing
processes are active at permeability boundaries in a more complex system including
an inclined fault zone and actual seafloor bathymetry. However vent temperatures
achieved during the slot runs on the large model domain (Fig. 5.5) are not
approaching the vent temperatures for the homogeneous permeability of the slot
predicted from the semi-analytical solution (Fig. 5.3) but are significantly lower (see

also discussion (5.4)).
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Figure 5.6: Simulation results from slot runs with systematically varied slot width (symbols with
grey filling) compared to the results from the LHF1 study (symbols with solid filling, see also Fig.
4.3a, chapter 4). For each permeability contrast ¢, the slot runs follow the trends of the LHF1 set
with the same ¢, the LHF1 temperatures however are systematically lower.

5.3.3 Heterogeneous, faulted systems

We have further conducted 32 model runs (these results have been published in the
supplement' to Andersen et al., (2015)) were the setup of LHF1 (see section 4.3)
was applied and a constant permeability contrast ¢ = 10 between fault zone and
surrounding. In order to test the influence of background permeability, it was
enhanced to 10 m? and 2x10">m?in comparison to the original runs which had a
background permeability of 0.5x10"°m? (Chapter 4). The trend in vent

temperature and mass flux which is described in chapter 4 is clearly also visible in

!GSA Data Repository item 2015032; doi:10.1130/G36113.1, available online at www.geosociety.org/

pubs/ft2015.htm
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Figure 5.7: Vent temperatures of additional LHF1 simulations plotted against fault width and mass
flux. The permeability contrast ¢ = 10 is constant in all runs while the absolute background permea-
bility k, is changed as indicated by the different symbols. Their color shows maximum vent tempera-
ture. Filled symbols are simulations with venting at the fault tip at LHF1, open symbols indicate
venting above the heat source. A: Vent temperatures decrease with increasing fault width for each
constant background permeability. The same is valid for any fault width and increased background
permeability B: Vent temperatures systematically decrease with increasing total mass flux through
the seafloor. Model results are well fitted by theoretical vent temperatures calculated from the EOS

for pure water (curves for 0, 10, and 20% conductive cooling at the seafloor) described in chapter 4.

these simulation sets: vent temperature decreases with increasing fault width, the
highest mass fluxes occur at the lowest vent temperatures (Fig. 5.7). For any
simulated fault width the vent temperature is decreased by -40°C when the
permeability of the background is doubled (Fig. 5.7). Consequently, at the lowest
background permeability (0.5x10"> m?) the highest vent temperature is reached at
the fault termination at the seafloor. The threshold width for deviation of the rising
hydrothermal plume into the fault is decreased with increasing absolute background

permeability, visible at the transition from unfilled to filled symbols (Fig. 5.7).
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5.4 Discussion

The underlying physics of the simulation results presented above can be understood
by reviewing the key processes that control vent temperatures in a homogenous
medium. According to the ‘fluxibility’ approach by Jupp and Schultz (2000)
hydrothermal plumes have a natural tendency to form and rise at ~400°C due to the
thermodynamic properties of pure water (see also Fig. 3.2). This implies that the
temperature at maximum fluxibility is also the maximum temperature that can be
achieved in pure water convection. They can, however, only be achieved if the
balance between hydrothermal cooling and basal heating permits the build-up of a
hot enough boundary layer (Driesner, 2010). All processes that can cool a hot
hydrothermal plume during ascend will cause a reduction in vent temperature,
which is what happens in the here discussed simulations.

The mass and energy conservation principles derived in section 5.2 above can
be used to explain fluid temperatures in a hydrothermal plume that flows through a
medium that has a heterogeneous permeability structure (layered system or vertical
slot). We predict temperatures of the discharge flow leaving reaction zone 2 in
figure 1, where the hydrothermal plume enters the region with higher permeability.
The heat input is still Q;,, which is now transferred into the reaction zone by
advection. The discharge velocity is now controlled by the higher permeability
above the interface (permeability of upper layer/slot). As a consequence, the
discharging mass flux is higher than the mass flux of the hydrothermal plume
coming from below, which causes additional recharge flow into reaction zone 2.
This entrainment of cold water causes a reduction in upflow temperature above
reaction zone 2. If the slot is wide enough the entire recharge and discharge flow
occurs within the more permeable slot, the domain is then comparable to a layered
system. In this case the upflow (aka vent temperature) can be predicted with
equation 5.4. If the slow width is not big enough, part of the recharge flow will

happen through the less permeable matrix around the slot. In this case, the upward
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mass flux is buffered by the limiting recharge flow through the less permeable rocks
surrounding the slot. As a consequence, vent temperatures are higher because the
mass flux in the upflow zone is lower — this simply follows from energy
conservation. In summary, total vertical mass flux increases with permeability (see
Darcy’s law) and cross-sectional area of the upflow zone. Thus, for a given total
energy input (12.5 kW in all our model calculations) fluid temperatures must
decrease if mass flux increases, because energy conservation requires that the total
energy carried by the fluid remains constant. Note that the above quantitative
analysis is possible because we use a constant heat flux boundary condition in our
models (i.e. Q;, is exactly known and constant). Imposing a constant temperature at
the domain base would always heat fluids to the prescribed temperature
(independent of the actual mass flux) so that there would be no control on the heat
flux into the system. This, in turn, would make it difficult or impossible to
systematically compare venting temperatures of runs with different fault width and
permeability, because they develop very different mass fluxes.

It can further be noted that the above considerations are largely independent of
the model setup as they are mainly controlled by the thermodynamic properties of
water. The few existing 3D simulations of pure-water hydrothermal convection
clearly show that fluid properties and not the exact 2D or 3D patterns of
convection control upflow temperatures above a heat source (Coumou et al., 2008;
Hasenclever et al., 2014). Likewise, Driesner (2010) showed that the relationship
between vent temperature and permeability also holds when seawater, instead of
pure water, is assumed.

The vent temperatures of the simplified runs are systematically higher than the
ones from the more complex LHF1 runs (Fig. 5.6). The reason for this might be
that the fault dip results in a longer transport way along the fault zone, which might
cause a higher amount of conductive heat loss from the hot hydrothermal fluids to
the surrounding rocks. Possibly for the same reason vent temperatures achieved

during the slot-runs on the large model domain (Fig. 5.5) are not approaching the
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vent temperatures for the homogeneous permeability of the slot (Fig. 5.6) predicted
from the semi-analytical solution (Fig. 5.3) but are significantly lower.

Moreover a previous study has shown that in submarine settings rising
hydrothermal plumes are attracted by bathymetric highs (Bani-Hassan et al., 2012).
Thus seafloor bathymetry has an impact on hydrothermal flow pattern, which is
why it does not seem relevant for the findings presented in this paper regarding the
controls on hydrothermal vent temperatures. However, fault dip might control the
deviation of a hydrothermal plume into the fault zone while bathymetry might

further impact the exact location of hydrothermal discharge at the seafloor.

5.6 Summary & Conclusions

The results from the simplified simulation runs further illustrate the complexity of
hydrothermal fluid flow in heterogeneous and faulted ocean crust. They confirm the
fundamental difficulty of transporting high-temperature fluids through such rocks
towards the seafloor, which was already pointed out in chapter 4. Here we have
provided a more detailed analysis and explanation of the responsible physical
processes.

The permeability above a heat source must be low for sustaining >300°C hot
fluid flow (see also Driesner (2010)). The same is true for every lithological
boundary that the rising hydrothermal plume may encounter during its ascent to
the seafloor. If the plume enters a structure with higher permeability, like a fault
zone or lithological boundary, upflow temperatures will decrease as a consequence
of increased mass flux and mixing with ambient cold seawater.

We have further shown that a semi-analytical solution cannot only predict
upflow temperatures in homogenous systems (Driesner, 2010) but can also be used
to predict upflow temperatures in more complex, heterogeneous systems that
include a vertical slot and trends in a system with an inclined fault zone and real

seafloor bathymetry. Vent temperatures will range between two end-member
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temperatures given by the semi-analytical solution: the homogeneous case with slot
permeability (lower temperature limit) and the homogeneous case with background
permeability (upper temperature limit). Vent temperature in hydrothermal systems
associated with a heterogeneous crustal permeability thus depend on permeability
contrasts and on the geometry of the permeable body, like the width of a fault,

which defines an average (or effective) permeability along the fluid pathway.
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6 Background on oceanic ridges

Only about half a century ago scientists discovered repeating magnetic anomalies on
the seafloor of the Atlantic and Indian Ocean (Vine and Matthews, 1963; Vine,
1966). They suggested that variations in intensity and polarity of Earth’s magnetic
field may be fossilized in the oceanic crust, which is constantly created at oceanic
ridges. This discovery should confirm the seafloor-spreading theory (Hess, 1962),
which was based on Alfred Wegener’s much criticized theory of Continental Drift,
which he had published in 1912. Today the theory of plate tectonics is accepted by
the major part of the scientific community and much research is done on the
complex detailed processes associated with the movement of the tectonic plates.
Ideas and scientific methods to study ocean ridges have developed rapidly, providing
numerous new data and insights into the processes that are leading to the
continuous generation of new oceanic crust. As Macdonald (1998) had already
pointed out, instead of only focusing on a higher degree of specialization of different
aspects of oceanic ridges it is important to study the links between tectonic and
magmatic processes and hydrothermal activity at seafloor spreading centers. This
agrees well with the goal of this thesis, which is to gain a better understanding of the
interactions between the processes above (section 1.2). In order to test the key
hypothesis of this work, stating that the tectono-magmatic state of slow-spreading
ridges controls the position of hydrothermal vent fields, I have developed a
mechanical model that simulates the lithosphere-scale deformation field during
seafloor spreading (Chapter 7). This is the first step for a later coupling with

hydrothermal convection models as in chapter 4 and 5.

6.1 Characteristics of ridges at different spreading rates

Oceanic ridges (Fig. 6.1) are located at divergent tectonic plate boundaries (also Fig.
2.2) of the Earth’s rigid outer shell, the lithosphere. Oceanic ridges are frequently
referred to as Mid-Ocean Ridges (MOR), while strictly speaking this term only
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Figure 6.1: Schematic illustration of accretion of oceanic crust at two endmember types of Mid-
ocean ridges, modified after Macdonald, (1982). A: a slow-spreading ridge with a distinct, axial
valley, rough topography and numerous valley bounding faults. Here, seafloor spreading is occurring
to a high degree via large scale tectonic faults. B: fast-spreading ridge, which shows an axial high and
a more continuous topography along axis. Lava is erupting at a narrow rift at the summit of the axial
high, an axial magma chamber (AMC) is situated at 1-2km below the ridge axis. Formation of new
oceanic crust thus happens mainly via magmatic processes and to a lower degree via tectonic
faulting.

applies to those ridges, which are located in the middle of an ocean, like the Mid-
Atlantic Ridge. The global ridge system has a length of approximately ~50.000 km
(German and Lin, 2004; Hannington et al., 2005). With only ~5-30km width, the
ridges are narrow compared to the plates, which can be thousands of kilometers
across (Macdonald, 2001). Oceanic ridges are large, volcanically highly active,
submarine mountain chains, where a major part of the global volcanic activity
occurs (Perfit and Chadwick, 1998; Macdonald, 2001; Hannington et al., 2005).
Magma ascents from depth filling the gap between the separating tectonic plates

such that new oceanic crust is constantly formed (Macdonald, 2001). Roughly 18
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km? of crust is formed at oceanic ridges per year (Sigurdsson and Houghton, 2000;
Hannington et al., 2005). The velocity at which the plates are separating is highly
varying. This has led to a classification according to spreading rate (which can vary
somewhat in the literature e.g Baker and German, 2004; Hannington et al., 2005):
slow-spreading ridges (Fig. 6.1a), like the most prominent example the MAR, have
an opening velocity of up to 40 mm/yr (full spreading rate). Intermediate spreading
ridge vary in spreading rate from 40 — 60 mm/yr. Fast spreading ridges (Fig. 6.1b)
have a spreading rate of 60-100 mm/yr, like the East Pacific Rise (EPR) followed by
superfast spreading ridges with spreading rates >100 mm/year.

Early exploration of seafloor spreading centers already suggested that ridge crest
topography depends on spreading rate (Menard, 1967). Numerous following
studies have confirmed such a relation (reviewed by e.g. Macdonald, 1982; Small,
1998): slow-spreading ridges typically show a ~1.5-3 km deep, rough valley at the
axis of the oceanic ridge, which has flanks uplifted by faulting (Fig. 6.1a). At
intermediate rates the valley is only on the order of tens — hundreds of m deep,
while fast spreading ridges lack an axial valley and are marked by narrow, <250 m,
often <50m (Perfit and Chadwick, 1998), and more regular axial highs, ~100-200m
high (Morgan and Chen, 1993a), instead (Fig. 6.1b). In their MOR review papers
Macdonald (1998) and Perfit and Chadwick (1998) discuss the control of magma
supply on ridge axis morphology. This dependence has already been suggested from
numerical modeling results by (Morgan and Chen, 1993a)). They proposed that
axial morphology is controlled by the thermal structure at the ridge axis, which is a
function of spreading rate and magma supply. It is now generally accepted that fast-
spreading ridges have a higher magma supply (Baker and German, 2004;
Hannington et al.,, 2005) than slow-spreading ridges (Fig. 6.1). At the fast-
spreading EPR a bright reflector visible in seismic refraction data has been
interpreted to be a narrow (1-2km) lens of partially molten magma (Fig. 6.1b) on
top of a larger zone of crystal mush (Sinton and Detrick, 1992). The depth to this

magma reservoir is also varying with spreading rate: at fast spreading ridges it has
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been imaged at a depth of ~2km depth and at ~3-4km depth at intermediate
spreading rates (Perfit and Chadwick, 1998). In slow-spreading ridge settings, like
at the MAR, such magma reservoirs are found more rarely (Detrick et al., 1990). In
a specific setting a magma chamber has been imaged below one of the largest central
volcanoes along the MAR at the Lucky strike hydrothermal field (Singh et al,,
20006). Also Morgan and Chen (1993b) suggest in their numerical modeling study
that a steady-state magma reservoir is lacking in the shallow crust below slow-

spreading ridges.

6.2 Background on mechanical modeling

The oceanic lithosphere is assumed to be a continuous medium (e.g. Ranalli, 1995,
see also section 1.3.1) in order to numerically simulate processes at seafloor
spreading centers. Rheological or flow laws relate the deformation (strain) inside
any material to the forces (stresses) acting on it (Ranalli, 1995). They are thus based

on Newton’s 2" law of motion (section 1.3.1).

6.2.1 Stress and strain analysis

6.2.1.1 The stress tensor

In continuum mechanics stress 6 is mathematically defined as force per unit area:
c=fA (6.1)

and describes the distribution and intensity of forces at any point within a medium

(Ranalli, 1995; Van der Pluijm and Marshak, 2003; Gerya, 2010). Since forces act

in all three spatial dimensions stress is a tensor quantity with three vector entries for

each dimension: two shear stress components T acting parallel to a given surface and

one normal stress Gy, perpendicular to that surface (Fig. 6.2a). The stress state of an
object can fully be described by a stress ellipsoid, which contains the three principle

stresses (07> 0,>03) (which are orthogonal to each other and orthogonal to three
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planes with zero shear stress) as axes (Fig. 6.2.b). If all principle stresses acting on
one point inside a medium have the same magnitude the stress ellipsoid (Fig. 6.2b)
describes a sphere and the stress state is called isotropic. The isotropic component of
stress is also referred to as hydrostatic stress or pressure (strictly the pressure at the
base of a water column). In nature the isotropic stress at depth caused by the
column of overlying rocks (density times gravity times depth: pgh) is called the
lithostatic pressure. The mean stress or pressure G,,.,, at one point inside a body can

be defined in terms of the three normal stress components:
G mean = (Gxx + ny + Gzz)/3 (62)

and equals the hydrostatic stress/pressure in case of a stationary medium.
Deviatoric stress 6 is defined as the remaining stress component after removal of the

mean stress and contains the six shear stresses (e.g. Van der Pluijm and Marshak,

2003; Gerya, 2010)
o'y =0, ~ P (6.3)

5Z-j=1if i:j and 51']:0’ if 7#J; indices 7 and j refer to spatial coordinates (X,y,Z).
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6.2.1.2 Deformation and strain

Stress acting on a body can result in its deformation, which describes the total
displacement # of points in a body, e.g. (Van der Pluijm and Marshak, 2003).
Deformation can include a #ranslation, a movement from one place to another, a
rotation around an axis, a distortion, which is a change in shape or a dilation, which
are changes in area or volume (Fig. 6.3). Strain describes the displacement of points

in a body relative to each other (Van der Pluijm and Marshak, 2003) (Fig. 6.4). The

basic definition of strain, which is a dimensionless quantity, is:

£=—0 L AL
L

Figure 6.4: Strain illustration: AL is the change in length (displacement) of a line with original length L.

Deformation G
X 4, Dilation
/
“ =
7
\
‘ |
\
\
pl
7
7
7
- ;] s
Yy /
_____ 3.Translation
1. Distortion + 2. Rotation

Figure 6.3: The deformation of the initially undeformed cube (dark grey) and circle can be
described by the four independent components. The principle strain axes x and y (solid lines) of the
strain ellipse are the lines of points which always remain perpendicular to each other during
deformation (only valid for homogeneous strain). The dashed lines in the undeformed circle do not
remain perpendicular to each other during deformation (see distortion). The length of the principle
strain axes define the magnitude of strain in the respective direction.
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Strain is thus a measure of the amount of deformation by distortion or by dilation.
Strain by distortion (Fig. 6.3) can only be caused by the deviatoric stress
component, which is the stress deviating from the stationary, hydrostatic stress state.
Strain by dilation (Fig. 6.3) is caused by changes in the hydrostatic/lithostatic stress
(pressure) component of the total stress applied to any material. Strain is considered
homogeneous when two material lines remain perpendicular to each other before
and after deformation. That means originally straight and parallel lines remain
straight and parallel, e.g. during the deformation of a square to a rectangle or a
sphere to an ellipsoid (Fig. 6.5a and b). During heterogeneous strain points in a
body undergo varying amounts of strain (Fig. 6.5¢ and d). Homogeneous strain can
be described by a strain ellipsoid, which in two dimensions consists of the two lines

that remain perpendicular and are called principle strain axes (Fig. 6.3, 6.5a and b).

A. Simple shear B. Pure shear

Homogeneous
strain

%
(s

Heterogeneous
strain

Figure 6.5: Illustration of homogeneous (A and B) and heterogeneous (C and D) strain. During
homogeneous strain originally straight lines remain straight and originally parallel ones parallel. A:
Strain is called non-coaxial (simple shear), when the principles strain axes (solid lines) rotate in
comparison to the finite strain axes at the end of deformation. B: During pure shear or coaxial
deformation the principle axes (dashed lines) remain their orientation throughout the deformation
process. During heterogeneous strain material points experience varying amounts of strain and the
initially straight lines do not remain straight (C and D).
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The length of the principle strain axes defines the magnitude of strain in each
direction. In analogy to stress, in strain analysis normal and shear strains are
defined, corresponding to axial and shear deformation (e.g. Gerya, 2010). Strain is
non-coaxial when the principle strain axes rotate relative to the finite strain axes at
the end of deformation. Non-coaxial strain is also referred to as simple shear, where
the length of the deformed body perpendicular to the shear surface remains
constant e.g. the thickness of a deck of cards during shearing (see also distortion in
Fig. 6.3 — and Fig. 6.5a). During coaxial strain accumulation (or pure shear) the
principal strain axes maintain their orientation (Van der Pluijm and Marshak,
2003) (Fig. 6.5b). In analogy to the stress tensor, the 3D the full strain tensor &;

contains three normal (€, &y, €-2) and six shear strain components (€y,= &y, &2, =

Exz> €y = E) and is defined by:

1( Oui Ouj
+_

Eij=— (6.4)
2

oxj  Oxi
where xj and xi refer to spatial coordinates (x,y,z), while 7 and j are coordinate

indices referring to the direction in which displacement # is active. The time

derivative of displacement # defines the velocity vector v; = (vy,vy,v;): = ou/ot.

The strain rate is defined as:
fy=a| 2 20 (6.5)
2\ oxj  oxi
and characterizes the dynamics of a deformation process, which is often more
interesting than the total amount of deformation described by strain. The deviatoric
strain rate is often used in geodynamic modeling, is achieved when the normal
strain rates are subtracted from the total strain rate:

S sl
glj—glj 5]3gkk (6.6)

where £k are the indices of the normal strain rate components.
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6.2.2 Rheology and deformation mechanisms in rocks

Materials show different types of behavior during deformation depending on the
time scale and on the material properties at different P-T conditions (Ranalli, 1995;
Jaeger et al., 2007). Crustal rocks show brittle behavior, which means that they can
fail by fracture, at shallow levels and on short time scales. At greater depth and
elevated temperatures lithospheric rocks behave ductile, which means that no brittle

fracturing occurs (e.g. Turcotte and Schubert, 2002) and Fig. 6.6).

Differential stress (MPa)
00 200 400 600 800 0 0 100 200 300 400 500 600 0

T T T T T T T T T T
Diabase Moho Quartz Upper crust
or — 200 |- BDT 1°
Brittle-Ductile Lower crust
20 Transition (BDT) % -0
€ | OCEANIC Y Ha00 | CONTINENTAL £
=50l LITHOSPHERE LITHOSPHERE 30>
£ 10<
o ; Moho| &
............... )
- . 4600 - o ' o
40  Olivine oy Olivine BDT da0
g Mantle
g
50} 2 —50
©
8004 o
Q
60 g 800 60
|_

Figure 6.6: Strength envelopes for oceanic and continental lithosphere modified after Kohlstedt et
al., (1995). Deformation occurs when the differential stress exceeds the maximum strength of the
rocks. The BDT marks the region between brittle and ductile response of the rocks to applied stress
(dotted lines). An oceanic geotherm corresponding to 60 million years old lithosphere is used and a
dry olivine rheology. For the continental case wet rheologies are applied and a geotherm for a surface
heat flow of 60mW m!. In the continental lithospheric mantle a second BDT occurs due to the
compositional change to olivine rheology.
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6.2.2.1  Viscous flow

On geological time scales deforming lithospheric rocks behave like viscous fluids
(e.g. Turcotte and Schubert, 2002; Gerya, 2010). Perfectly viscous materials deform
instantaneously and continuously under applied forces (Fig. 6.7), like e.g. a liquid as

water. Viscous deformation is non-reversible (Fig. 6.7). The rheological relation
between shear stress T and the resulting shear strain rate of a viscous fluid is
expressed in Newton’s law of viscous friction:

=2ne
’ 778, (6.7)

where 7 is viscosity, which is a measure of a materials resistance to shear
deformation. Viscosity differs between materials and can be dependent on
parameters as e.g. temperature, pressure and strain rate. In terms of deviatoric stress
(Equ. 6.3) and deviatoric strain rate (Equ. 6.6) the 3D law of viscous friction can be

expressed as:

oij'= 2778‘l'j+77bulk5ij§gkk
(6.8)
where # and 7, are shear viscosity and bulk viscosity respectively. The volumetric

bulk strain rate is defined by the sum of normal strain rate components:

Eke=(Exx+Ey+Ez)=div(V) , which is also equal to the divergence of the

velocity vector (see Equ.6.5) and can cause volume changes of a body.

6.2.2.2  Elastic deformation

On shorter time scales most rocks at room temperature and atmospheric pressure
show a brittle behavior (Ranalli, 1995; Turcotte and Schubert, 2002). They behave
elastically until they fail by fracture (Turcotte and Schubert, 2002). By definition
any elastic deformation in a material is occurring instantaneous when stress is

applied and is fully recoverable (Ranalli, 1995) and Fig. 6.7) as e.g. the deformation
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of an elastic rubber band. Hooke’s law describes elastic deformation and relates

applied stress to resulting elastic strain:

o =2G¢& 6.9)
Assuming 2D plane strain (€;;==0), we obtain:
0ij = 2GEij + A0ijEkk (6.10)

Aand G are Lamé’s constants, which are material properties (which in fact are not
constant but depend on e.g. temperature and pressure). The Lamé constant G is

also called shear modulus or Rigidity.

6.2.2.3  Visco-elastic rheology

Natural materials like e.g. rocks typically show a complex rheological behavior
under applied forces, where several deformation modes can be active at the same
time. A material that responds to an applied deviatoric stress with both viscous and
elastic deformation is referred to as viscoelastic or Maxwell body (Fig. 6.8) (Ranalli,
1995; Turcotte and Schubert, 2002; Gerya, 2010). In a Maxwell material elastic
deformation is dominating on short time scales while viscous deformation
dominates on long ones. Graphically the viscous and elastic deformation modes
active in a Maxwell material are combined in series to represent the timely order in
which the respective deformation mode is dominating (Fig. 6.8). Elastic
deformation occurs instantaneously at loading (t0) and is followed by steady-state
linear viscous deformation. When forces are removed (t1) only the elastic strain is
recovered (Fig. 6.8). A so called firmoviscous material or Kelvin body shows elastic
afterworking (Ranalli, 1995; Turcotte and Schubert, 2002). Viscous and elastic
deformation mechanisms are graphically represented parallel. If we look at the
strain-time relation of a Kelvin body it can be seen that the elastic response upon
loading is delayed by the viscous deformation. After unloading the strain

exponentially approaches zero (Fig. 6.8).
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Figure 6.7: Stress-strain and time relations for viscous flow and elastic deformation. Viscous
deformation occurs instantaneously and continuously from the time of loading (t0) and is not
recovered at unloading (t1). Also elastic deformation is occurring instantaneously at loading and the
full strain is reached immediatley. It is fully recoverable (see strain at time of unloading (t1)).
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Figure 6.8: Illustration of visco-elastic behavior: in a Maxwell body the elastic part of the strain is
recovered after the stress is removed at unloading (t0). Elastic deformation is dominating on short -
and viscous deformation on long time-scales. In a firmo-viscous Kelvin material the direct elastic
response (strain) of the material is delayed by the viscous forces.
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6.2.2.4  Plasticity

Plastic deformation does not occur until a certain stress threshold is reached (Fig.
6.9) and is non-reversible. Plastic deformation follows elastic deformation and sets
in when the stress acting on a material exceeds its yield strength. Plastic deformation
is thus occurring as fracture failure under brittle conditions and as plastic flow in the
ductile regime. The behavior of materials under low temperature conditions during
brittle plastic deformation is described by failure criterions like e.g. the Mohr-
Coulomb yield criterion (Fig. 6.9) (Ranalli, 1995; Davis and Selvadurai, 2005;
Jaeger et al., 2007; Kaus, 2010):

F =1*—0*sin(p) + ccos(p) (6.11a and b)
O=r*-o*sin(y)
F defines the yield function, Q the plastic flow potential, ¢, ¢ and Y are material

parameters cohesion, friction and dilation angle respectively. 6* is the mean stress

(pressure, Equ. 6.2, Fig. 6.9). Plastic deformation occurs when >0, which is when

the maximum shear stress 7*:

k=

(O-xx—(fyyj ? ) (612)
T +0 w

exceeds the yield stress: Tyield = 0 *sin(@) + ¢ cos(¢) (6.13)

Figure 6.9: Mohr-
Coulomb failure
criterion. The radius of

Shear stress (1)

the circle is described by
the maximum shear
stress acting on a body.
If it exceeds the yield
strength, the material

\

will fail by fracture. Y Normal stress (&)

o*=(o, ta,)2
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7  Seafloor spreading under varying tectono-

magmatic conditions

Christine Andersen, Lars Riipke and Jorg Hasenclever*

GEOMAR, Helmholtz Centre for Ocean Research Kiel, Germany

Abstract

The deformation of oceanic lithosphere during seafloor spreading with varying de-
grees of magma supplied to the ridge axis have been investigated with a fully 2D
visco-elasto-plastic mechanical model. Fracturing in the brittle regions is modelled
applying a Mohr-Coulomb yield criterion.

When the accretion of new oceanic crust is dominated by magmatic activity
deformation, represented by elevated strain rates, is focused to the axial region of the
ridge. No region of the model domain exceeds the yield stress, such that no brittle
deformation is occurring. The rheology is thus visco-elastic and initial cohesion and
viscosity are not modified. When the supply of magma to the ridge axis is low tec-
tonic processes are dominating and crustal thinning is increasing. The rheological
behavior of the oceanic crust is now visco-elasto-plastic. Deformation focuses into
off-axis shear bands that dip towards the ridge axis. Those bands show elevated
strain rates, decreased viscosity and cohesion as a result of plastic failure in the brit-
tle crust.

If high strain rates are translated into highly deforming regions the results from
the mechanical model simulations can be used as powerful tool to predict the per-
meability structure of the oceanic crust under varying tectono-magmatic conditions.
A crustal permeability with little heterogeneities and deformation focused to the
axial region would be the result of the high magma supply to fast-spreading ridges.
A faulted crust with a highly heterogeneous permeability structure and zones of off-
axis deformation would be the result of the low magma supply in slow-spreading

environments.

*Paper in preparation
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7.1 Background

In order to test the key hypothesis of this work, stating that the tectono-magmatic
state of slow-spreading ridges controls the position of hydrothermal vent fields, the
results of lithosphere dynamics modeling should be combined with hydrothermal
convection models. The dynamics of crustal genesis (e.g. Sleep, 1975; Phipps
Morgan and Chen, 1993; Quick and Denlinger, 1993) and feedbacks between
crustal accretion and hydrothermal cooling at fast-spreading ridges have been
explored by several numerical studies (Cherkaoui et al., 2003; Iyer et al., 2010;
Theissen-Krah et al., 2011). Less work has been done for slow-spreading ridges,
which show a more complex crustal structure (see also section 6.1). Due to a
generally lower magma supply to the ridge axis in slow-spreading conditions, the
ocean crust formed there is colder. There the crust behaves brittle and the formation
of tectonic faults on different scales is dominating. This complexity and the fact that
slow-spreading ridges are most likely not in steady-state presents a severe challenge
for numerical models. Nevertheless several numerical studies have investigated
modes of faulting at oceanic spreading centers using visco-elasto-plastic mechanical
models that account for melt injection (Buck et al., 2005; Behn and Ito, 2008; Ito
and Behn, 2008; Tucholke et al., 2008; Olive et al., 2010). They all found a clear
control of melt supply on deformation mode. Tucholke et al. (2008) describe the
interactions between magma supply and the faulting pattern of an oceanic
detachment: if extension is fully balanced by the injected melt, deformation is
focused on the axial region. This scenario possibly applies to magmatic segments of
slow-spreading ridges. If the magma supply to the ridge is too low to fully
accommodate the extension of the plates, deformation shifts off-axis, possibly
applying to tectonic segments. These results agree well with our hypothesis about
the ridge segment hosting the LHF currently being in a tectonic phase. The
observed off-axis seismicity at LHF1 is fully compatible with the off-axis

deformation predicted by the above models.
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If we assume that highly deforming regions are also highly permeable we can relate
deformation to the likely permeability structure of the lithosphere, which is a clear
step forward. Off-axis venting would then be a direct consequence of off-axis
deformation — as e.g. suggested for the Logatchev segment. This leads us to believe
that the combination and coupling of lithosphere dynamics models for oceanic
ridges with hydrothermal convection models will mark a crucial step forward in our
understanding of seafloor spreading processes at ridges at different spreading rates.
To our knowledge, no such combined numerical study has been conducted
previously. Here results from visco-elasto-plastic simulations of ridges under varying
tectono-magmatic conditions are presented. The here presented mechanical model
provides a major advance for the coupling of lithosphere dynamics models with
hydrothermal flow modelling. The final step marks the prediction of permeability
from the obtained lithospheric deformation field, which can be used as input for

hydrothermal convection models as in chapter 4 and 5.

7.2 Mechanical model

During the numerical simulations deforming rocks of the oceanic lithosphere are
treated as a Maxwell visco-elasto-plastic continuous material. Fracturing in the
upper brittle regime of the lithosphere is modelled applying a Mohr-Coulomb yield
criterion (see e.g. Kaus, 2010 and section 6.2.2.3). Prior to yielding rocks are
assumed to show a purely viscous or visco-elastic (Maxwell) behavior (see section
6.2.2.1 and 6.2.2.4). It is still not entirely clear which of the two rheologies shall be
applied to non-yielded materials (see e.g. numerical results in Kaus, 2010). It seems
to be confirmed that rocks behave elastically on small time-scales and at small
strains (Ranalli, 1995 and section 6.2.2 above). If we are however interested in
modeling brittle failure along fractures elastic deformation on short time scales
might play a minor role and could be neglected. Moreover it has previously been
shown that results obtained by visco-plastic or full visco-elasto-plastic codes differed

little (Buiter et al., 2006; Kaus, 2010).
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7.2.1 Governing equations

Volume changes in rocks are caused by changes in density, which are due to
mineralogical phase transformations. On long time scales, that we are simulating,
where viscous deformation is dominating, rocks are assumed to undergo relatively
small density variations and compressibility is thus negligible. Therefore, in
geodynamic models, rocks are often approximated by an incompressible fluid with

constant density (e.g. Gerya, 2010), where the bulk strain rate equals zero:

E vk = div(v) =0 7.1)

In this case the deviatoric and total strain rates are equal (see Equ. 6.6) and the 3D

law of viscous friction (Equ. 6.8) simplifies to:

o =2mE " (7.2)

and elastic deformation (Equ. 6.10) is expressed by:

e '
oii =2GEjj 7.3)

In a Maxwell material (section 6.2.2.3), different deformation modes are assumed
to be active at the same time, such that strain rates are additive. The total deviatoric
strain rate is thus composed out of the sum of the deviatoric viscous, elastic and

plastic strain rate components:

~ Y S ol
(9 total = g viscous + g elastic + 8 plastic 7 4)

The elastic deviatoric strain rate is expressed using equation 7.3 and a time

derivative of deviatoric stress:

- 1 Do
g'elastic = —& (7.5)
2G Dt
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The time derivative is called Jaumann stress rate and includes a solid body rotation:

Doii' oo’ oo
L= ==l

= —WikoOWj' Ok Wiy
" Wi 1 ovi Ov -
1th- j=—| ——— . . .
with: Ny oni being the vorticity.

From equation 7.2 we get the viscous strain rate and can express the total deviatoric

strain rate as:

O'ij'_l_LDUij'_l_ o0

(c;."totaIZ — 4
m 2G Dt 00

; (7.7)

where 7y is the plastic multiplier, which is a material parameter and Q the plastic
flow potential (Equ. 6.11b).

The flow of a viscous fluid in response to applied forces is derived from
balancing stresses on a control volume (conservation of momentum also called
Navier-Stokes equation) and is a differential form of Newton’s second law of motion

(section 1.3.1):

, (7.8)
where g;is the gravity vector and Dvi/Dt the acceleration of an object.
The stress balance (equation 7.8) is rewritten in terms of deviatoric stress (Equ. 6.3)

which introduces pressure into the equation. For slowly deforming, highly viscous

fluids the inertial acceleration can be neglected (Dvi/Dt=0, Stokes flow). The gravity
term pg;acts only in the vertical direction. For the x- and y-direction respectively in

2D we obtain:
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aO'xx'+aC7xy'_aP_
Ox oy Ox
aO'yy' aO'yx'_(’aP__
oy TTox oy P&

0

(7.9)

7.2.2 Numerical formulation
Incompressibility: Epuik =V -v =0 (section 7.2.1) during viscous deformation is
numerically applied by dividing pressure P by a so called penalty factor A, which is a

very large constant such that the term becomes almost zero:

(7.10)
In order to simulate the supply of magma to a Mid-Ocean ridge (Fig. 6.1), a
dilation region is introduced in the vicinity of the ridge axis, which shall represent
an area of incoming material, transported by sheeted dikes and pillow lavas. Since
material is added the dilation region is compressible and the governing equation

7.10 above modifies to:

P

Viv——=y
A ; (7.11)
where v is the dilation term defined by:
hcrust
=Vs
Alditation , (712)

where vy is the spreading rate of the tectonic plate, /., the height of the oceanic
crust and Ay, the area (in 2D) of the dilation region. If the dilation term equals
one, seafloor spreading is fully balanced by the amount of oceanic crust formed by
the incoming magma, such that the crust is keeping its constant height. If less

magma is supplied to the ridge axis (y*&; £E<1), the crust experiences thinning and
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brittle, tectonic deformation is becoming increasingly important (see section 6.2.2).
In order to solve equation 7.7 numerically the elastic time derivative (Equ. 7.6)

is discretized:

50'1']" B O'ij’_new—(fij'_old

ot At (7.13)
and equation 7.7 rewritten as:
. 1 1 0ij' new—0ij' old
E ' ol = 2—Gy"+% O _nev= 0y _o +& ' plasiic
1 o (7.14)
We can bring all unknown stress terms on one side:
GijVZZ,Uve(g'total—g'plastic)+X(7ij'_01d* (7.15)
1
. Hve= . o 1
is 1 4 1 the visco-elastic viscosity and X = p
I+
n Gat Gat

If the elastic shear modulus G is becoming very large tt,,, —> # and X—> 0 which
is the case for purely viscous deformation. We are then back to the law of viscous
friction for an incompressible fluid (Equ. 6.8): Gij' = 2776" '

Since elastic deformation is reversible, deviatoric elastic stresses (O old*) are
saved from each previous time step and drop out in case of purely viscous flow.
Solid body rotation is applied to elastic stresses and we obtain following expression

for the old stress from the prevous time-step:

003" old
I _WikOk' old - ik oldWii

Oij' old*=07j' old+Vk _old
oxk

(7.10)

Equ. 7.15 can be written in terms of invariants of the deviatoric stress and strain

tensors: and of' = 1{(0,5(71]")2 & :«f(O,Sc‘;:"ij)2

(where 77 implies a summation over all deviatoric components), which characterize
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the local deviation of stresses from the hydrostatic stress state and the deformation
caused by those, as. The full rheology includes an effective visco-elasto-plastic

viscosity and the total strain rate includes all three deformation modes that can be

active:

Oij' =2 ttvep &1 + XOtota +

(7.17)
Ojj '_ X Olota » ,
if(F>0
Mvep = 2&n /1 )
ve f(F<0
U if ( ) o18)

From the force balance equation (Equ. 7.9) in combination with the rheological
expression for deviatoric stress (Equ. 7.17) and the basic definition of strain rate

(Equ. 6.5), we obtain the final governing equation for 2D stokes flow:

6 Ovx 5 8Vy Ovx 5P
a—[zluvep( ]] ay [‘leep( +— ay j] ax

X[@Uxx old 8ny old
oy

g 2 aVy +£ %4.% aP
oy 'uvep ox| " ax oy oy (7.19)

X{@ny old aaygx oldJ g > y—direction

J — x—direction

Equation 7.19 leads to the matrix system of equations, which is solved in each

numerical step:
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_g . -
i 0 g 2,leep 2ﬂvep 0 Ox a_P
Oox ay ) o) 0 0 0 || Vx _ ox _
o o | v |op "
0y Ox Herl 5 5 oy
>
a% 0 8@ X 0 0 ||Oxx' old 0
-4 g 0 X 0 |ow _L’g}
@ a 0 0 X ny'

(7.20)
7.2.2.1 Numerical scheme
The governing equation 7.20 is solved in each numerical time-step to retrieve new
crustal velocities (v, and v,) from which a new stress field and respective visco-elasto
-plastic viscosities can be calculated. We use a 2D FEM approach (see section 1.3.3)
with triangular elements that form an unstructured mesh, which is deformed by
advecting nodal grid points with the respective velocities in each numerical step.
Once the mesh becomes too strained (triangles become too deformed) a remesh is
performed allowing to continue the calculation with the current geometry of the
model domain on a new mesh. At the beginning of each time-step rheology is
assumed to be visco-elastic and therefore the total strain rate does not include any
strain caused by plastic deformation (&' puwic=0). Maximum shear stress T* is
below the yield stress and the yield function is below zero (F<0, Equ. 6.11 and Fig.
6.9). In the end of each numerical time step is checked where the shear stresses
exceed the yield stress (F>0), which implies that plastic deformation is active and
the plastic strain rate non-zero (&' pusic #0). In areas where F>0 stresses have to be
brought back on the yield surface such that F=0. This is done by computing the
visco-elasto-plastic viscosity fiye, (Equ. 7.18) for the regions where plastic failure is

occurring. A change in local viscosity has an effect on the stress state of surrounding
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points, which is why plasticity iterations have to be carried out until a viscosity

distribution is reached where no stresses are exceeding the yield stress and correct

plastic strain rates can be computed. In every iteration step i an error ep; is

computed as:

v, —v_|

TN
, (7.21)

where v; are nodal velocities. Iterations are typically terminated when ep; <10° or
more than 30 iteration steps have been performed (see also Kaus, 2010).

Some materials experience an increase or decrease in stress after the onset of
deformation processes/strain. Strain softening e.g. is referred to when a material is
more easily strained in areas where it has experienced previous deformation and
stress is thus reduced faster. In modeling of geodynamic processes as e.g. the
deformation of tectonic plates it is common to include strain softening, which leads
to strain localization (Gueydan et al.,, 2014). We include strain softening by
modifying cohesion c of the rocks in each time step according to:

c=co+(c—co) min(l,m)

Yo

, (7.22)
where ¢0 is the initial cohesion, Y0 = 0.1 a critical value and ¥ pl = J‘é'Hi plasticdt

the integrated plastic strain rate invariant over the current time step.

7.2.3 Model set up

Initially the oceanic crust is set to a depth of 8km and the oceanic lithospheric
upper mantle below is modeled until a total depth of 10km. The ridge axis is

assumed to be located in the center at Okm with initially 10km ridge extending to

each side (see Fig. 7.1-7.3). We assume a low-viscosity lower lithosphere (10%* kg m
Is'1), which is behaving more ductile than brittle (Fig. 6.6) and the oceanic crust
with an initially higher viscosity above (10?°> kg m!s!) with a brittle behavior (Fig.
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6.6). The seafloor at the top of the model domain is modeled as a free surface,
allowing for the development of seafloor bathymetry, also the moho is free to move
in any direction. We are primarily interested to study the deformation of the
oceanic crust above a less viscous mantle. The lower edge of the model domain,
which is an artificial cut of the lower lithosphere is thus not allowed to move in a
vertical direction (u,=0). Assigned rock properties and other model parameters
applied can be seen in table 7.1. Seafloor spreading is modelled by pulling with a
constant velocity of 2.5 cm per year to each side of the ridge (Fig. 7.1-7.3) an
average spreading rate for the MAR. Varying supply of magma to the ridge is
simulated by a diking region, simulated by a dilation term multiplied with a factor &
(between 0 and 1 (see section 7.2.2). A factor & of 1 represents purely magmatic
conditions. With £&=0 no magma is supplied to the ridge axis and the extension of

the ridge is occurring only via brittle tectonic deformation.

Parameter Value Unit
Model domain
Width 20 km
Depth to moho 8 km
Height 10 km
Wi dﬂl dlk'E' 100-1200 m Table 7.1: Applied
parameters for the 2D visco-
Time step dt 30x1 D3 years elasto-plastic mechanical
Spl'EEldeJE ‘u’E‘lDCih’ 75 CI]l-".‘g.-’E'El' model used to simulate
' seafloor  spreading  under
. ) iy varying tectono-magmatic
RDCk_ roperties (mantle/crust/dike 3 conditions. Dimensions of the
DE‘DSIT}’ 3300 kg m" model domain are initial
Shear modulus & 5,‘{1[]15 Pa values before the beginning of
Viscosity (U 1010710 kgs'm®  the S_ifnulatcil"“ hr“fls' Also
- 0/ o viscositiy and cohesion given
Dljlat.lﬂﬂ ang]e (W} _ID" D ]"Ij . are initial values, which can
FI‘lCTlC'_ﬂ angle (@) zq3ﬂﬂ . be modified during plasticity
Cohesion (Co/Coeak) 4x10°/0.2x10 Pa iterations.
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7.3 Simulation results

Simulation results from fully 2D visco-elasto-plastic dynamic modeling of the
deforming oceanic lithosphere at an oceanic ridge under varying tectono-magmatic
conditions are shown in figure 7.1-7.3. During purely magmatic conditions (y*&;
&=1) the amount of newly forming oceanic crust is balancing the rate at which the
tectonic plates are separating (Fig. 7.1a-7.1d). All deformation is concentrated to
the neovolcanic zone (Fig. 7.1c) and no brittle fracturing is occurring. The stress
state of the entire crust is rather homogenous (Fig. 7.1b) and no elements are above
the yield stress (Fig. 7.2d) such that the visco-elastic viscosity and initial cohesion of
the model domain is not modified. The rheology is thus visco-elastic, without a
contribution from plasticity. When the extension of the tectonic plates, due to a
lower supply of magma to the ridge (£<1), is not fully accommodated by newly
formed crust at the axis, the oceanic crust experiences thinning (Fig. 7.1e - 7.3).
When the magmatic activity is decreasing but still dominating (§>0.5) the stress
inside the crust is elevated (£=0.8, Fig. 7.1f) but deformation continuous to be
focused to the axial region of diking (Fig. 7.1g). The crust still experiences no brittle
fracturing, such that the visco-elastic viscosity is not modified (Fig. 7.1h). When the
amount of tectonic and magmatic activity during seafloor spreading are balanced
(&=0.5, Fig.7.2) the stress field of the oceanic crust is more heterogeneous (Fig.
7.2b) and is above the yield stress, which leads to a possibility of brittle fracturing
(Fig. 7.2d). Crustal viscosity and cohesion are modified (Fig. 7.2¢ and f), however
no distinct zones of brittle deformation are appearing and deformation is still
focused on the axial zone (Fig. 7.2c). When tectonic processes are dominating
(£<0.5, Fig. 7.3) shear bands of brittle deformation are forming, which are dipping
in an angle (-45°) towards the ridge axis. They are showing elevated strain rates
(Fig. 7.3d and g), decreased viscosity (Fig. 7.3e and h) and cohesion (Fig. 7.3f and
i). Hence, with decreasing magmatic activity, deformation is not only focused to the
ridge axis but shifts to zones of shear deformation in off-axis regions. Note how no

deformation is occurring in the axial zone during purely tectonic extension (=0,

Fig. 7.3g). s,
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€ =1(18.75 % strain) Velocity £ =0.8 (15 % strain) (ms?
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i
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Figure 7.1: Crustal accretion during seafloor spreading at oceanic ridges with dominating magmatic
activity (y*&; E=1 and &=0.8 respectively). y is the dilation term, which simulates the supply of
magma to a region of diking. The inital width of the diking region was set to 1.2km and 800m
respectively, results are shown after 18.75% and 15% of total strain reached. Plate separation (A and
E) is balanced by the rate of magma supply to the ridge axis. Hence strain rates (zones of
deformation) are highest in the axial region and very low in off-axis region (C and G). The crustal
stress field is relatively homogneous during highly magmatic accretion (B) and stress increased and
becomes more heterogneous when magmatic activity is decreasing (§=0.8, F). In both scenarios the
yield stress is not exceeded (D) and consequently viscosity is mot modiefied (H).
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Figure 7.2: Crustal accretion during seafloor spreading (A) at oceanic ridges with balanced
magmatic and tectonic activity (y*&; £&=0.5). y is the dilation term, which simulates the supply of
magma to a region of diking. The inital width of the diking region was set to 250m, results are
shown after 15% of total strain reached. The stress in the crust (B) is exceeding the yield strength of
the rocks (D), such that brittle fracturing is potentially possible. Crustal viscosity (E) and cohesion
(F) are modiefied accordingly. Nevertheless, strain rates (regions of deformation) remain highest in

the axial region (C).
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Figure 7.3: Seafloor spreading (A) at oceanic ridges with dominating tectonic extension (y*&; £&=0.2
and &=0 respectively). y is the dilation term, which simulates the supply of magma to a region of
diking. The inital width of the diking region was in both scenarios set to 100m, results are shown
after 15% and 18.77% of total strain reached. The stress in the crust (B) exceeds the yield strength
of the rocks (C), such that those regions become brittle. Crustal viscosity (E and H) and cohesion (F
and I) are decreased in comparison to their their initial values. Shear bands of brittle deformation,
which are dipping towards the ridge axis are forming (D-I). Strain rates (regions of deformation) are
highest in the off-axis regions during purely tectonic extension (G). Overall crustal thinning is
increasing with increasing tectonic activity.
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7.4 Discussion & Conclusions

The scenario of purely magmatic activity (=1, Fig. 7.1a-d) might represent an
(unnatural) endmember of an ultrafast-spreading Mid-ocean ridge segment or a
magmatic ridge segments at slow-spreading ridges (section 1.1, Fig 1.1), where the
amount of tectonic faulting is low due to the high supply magma to the ridge axis
via dikes and extrusive pillow lava (see section 1.1). Deformation is focused to the
axial region and no brittle fracturing occurs. The other (unnatural) extreme
endmember of purely tectonic activity (§=0, Fig. 7.3b-c and g-i) might represent an
ultraslow-spreading ridge segment or a slow-spreading ridge segment with
dominating tectonic crustal accretion (section 1.1, Fig 1.1). There the shear bands
might represent zones of brittle faulting in the oceanic crust, which terminate at the
seafloor in a distance of up to several km to the ridge axis (e.g. Fig. 7.3d-i, see also
LHF1, Chapter 4, Fig. 4.1).

If high strain rates are interpreted as regions of high deformation, such as
tectonic fault zones, which have a higher permeability, the results from our
mechanical model can be used as powerful tool to predict the permeability structure
of the oceanic crust under varying tectono-magmatic conditions. It remains to be
identified how exactly strain rates could be translated into values of permeability.
The permeability field could be used as input for hydrothermal flow modeling
(Chapter 4 and 5) and the combined results could help to better understand the
interplay of tectonic deformation and hydrothermal circulation at mid-ocean ridges.

A crustal permeability with little heterogeneities and deformation focused to
the axial zone would be the result of the high magma supply to fast-spreading
ridges, like the EPR. Hydrothermal flow there is expected to be primarily controlled
by the position of the driving heat source at depth. At fast spreading ridges
hydrothermal convection is believed to be driven by a magma chamber below the
ridge axis. There hydrothermal discharge in a close to homogenous permeable crust

would thus occur vertically above the heat source in a narrow region close the ridge
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axis. A faulted crust with a highly heterogeneous permeability structure and regions
of off-axis deformation would be the result of the low magma supply during slow-
spreading conditions, like at the Mid-Atlantic ridge. There the position of
hydrothermal discharge would be controlled by high permeability pathways like
faults and fractures in the seafloor (see Chapter 4). Tectonic faults in extensional
settings have a normal faulting direction and are thus dipping towards the axis of
mid-ocean ridges at depth. They are outcropping at the seafloor in a distance of up
to several kilometers from the axis, which is consequently also a likely position of
hydrothermal vent sites at slow-spreading ridges. The results from the mechanical
modelling of seafloor spreading presented in this chapter can be combined with our
results from hydrothermal flow simulations (Chapter 4 and 5). Together they point
towards a general validity of the key hypothesis, which to prove was one aim of this

thesis (section 1.2).
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8 Discussion & Implications

There is a large discrepancy between maximum measured vent temperatures of
approximately 400°C (see also chapter 5) and magmatic temperatures of 1200°C
driving hydrothermal convection, which was already pointed out by Lowell (1991).
Jupp and Schultz (2000) provided a first explanation for hydrothermal plume
temperatures derived from numerical modeling which points to strong feedbacks
between transport processes and the thermodynamic properties of water. They
analysed the properties of pure water, since the required parameters are not known
for salt water over the studied range of temperature. However, first order behavior is
expected to be comparable between pure water and hydrothermal fluids with a low
salinity similar to seawater of around (-3.2 weight % NaCl). Jupp and Schultz
(2000) introduced the concept of “fluxibility”, which implies a dominant
temperature of rising hydrothermal plumes. Assuming that enough heat is provided
to drive the hydrothermal convection cell, maximum fluxibility is reached at ~400°
C, which is the temperature where buoyancy-driven energy transport is maximized
due to the inherent fluid properties of water (Fig. 3.2). After the initial formation of
a rising hydrothermal plume, the results from this work in chapter 4 and 5 show
that hydrothermal fluid temperatures are significantly controlled by heterogeneities
in crustal permeability. The critical role of crustal permeability for hydrothermal
circulation has already been discussed by Lowell (1991). Permeability values for
seafloor basalts attained through direct and indirect investigation methods (borehole
logging, geophysics and numerical modeling) show a large uncertainty with a range
from 10° to 10?2m? (Fisher, 1998). Fisher and Becker (2000) reported bulk
permeability values derived from a model for lateral fluid flow in oceanic crust
between a highest value of 10'°m? in youngest rocks close to the ridge axis and a
lowest value of 10¥m? in aged crust in off-axis regions. However, due to the

presence of faults and fractures, especially at slow-spreading ridges (section 1.1 and
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6.1) the permeability of the oceanic crust is highly heterogeneous and is thus likely
to vary significantly from the values above on more local scales. The importance of
fault zones for hydrothermal fluid flow (McCaig et al., 2007; McCaig and Harris,
2012) and their complex permeability structure has been pointed out (Caine et al.,
1996). Also Ingebritsen et al. (2010) state how the perception of permeability e.g.
in the context of simulations for hydrothermal fluid flow has become much more
complex. Several numerical modeling studies have addressed the interplay of
permeability and hydrothermal fluid flow in recent years (Driesner, 2010; Theissen-
Krah et al., 2011; Weis and Driesner, 2013; Weis, 2015). The results from this
work have contributed a new aspect on the discussion of crustal permeabilities
during hydrothermal circulation, highlighting the control of heterogeneous
permeability fields with e.g. fault zones on fluid flow patterns and vent temperatures
at the seafloor (Chapter 4 and 5). We have shown that not only absolute values of
permeability have to be considered (Driesner, 2010) but that permeability contrasts
are equally important. Permeability contrasts are particularly important at slow-
spreading ridges, which show a faulted, highly heterogeneous crustal permeability.

It has previously been pointed out that the velocity of seafloor-spreading has a
major influence on the style of hydrothermal activity at oceanic ridges (section 2.2).
Submarine hydrothermal activity is intimately related to the formation of
hydrothermal mineral deposits. Submarine Massive Sulphide (SMS) deposits are a
potential future ore resource (Rona, 2008; Hannington et al., 2011). Hydrothermal
fluid temperature and flow pattern, which both have been studied in detail in this
work, are significantly controlling size and character of SMS deposits. Fluid
temperature is a key factor that controls the possible amount and type of dissolved
minerals carried in hydrothermal fluids. Only if hydrothermal fluids have a
temperature higher than 300°C they can efficiently transport metals from the crust
to the seafloor (Hannington et al., 2011). The contact of hot hydrothermal fluids
with cold seawater causes dissolved metals to precipitate sulfide minerals around the

vent chimneys. It has been suggested that mineral deposits at slow- spreading ridges
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are of greater volume than at fast- spreading ones (Hannington et al., 2005). In
slow-spreading settings, deposits are exposed to fault-controlled hydrothermal
convection under a longer period than at faster ones (Fornari and Embley, 1995;
Jamieson et al., 2014). This can result in mineralizations with a larger volume at
slow-spreading ridges.

Due to the heterogeneous permeability at slow-spreading ridges like the MAR,
the results of this work (Chapter 4 and 5) imply that in such settings, a large part of
the hydrothermal circulation in the oceanic lithosphere is occurring at lower than
black smoker temperatures of 400°C. Other MAR fault-controlled systems than the
LHF1 (300-350°C) system, which has been investigated here, are the Rainbow
hydrothermal field (365°C), TAG (up to 369°C) and Nibelungen (372°C), which
show similar vent temperatures (Edmonds et al., 1996; Douville et al., 2002;
Schmidt et al., 2011). In all systems fluids are ascending along fault zones and may
face the same fluid dynamical processes as at LHF1. Further supporting our
findings is the fact that, if the young ocean floor was predominantly cooled by high-
temperature fluid flow up to the seafloor, the amount of copper deposited at the
seafloor in the neovolcanic zone should be much larger than observed (Cathles,
2011; Hannington, 2013). The most probable explanation for this discrepancy is
thus, that a large fraction of the hydrothermal fluids vent at temperatures below
300°C — too low for the reduced fluids to carry copper. Such vent fields, which
possible are fault controlled and thus would be located in a distance to the ridge
axis, might be more difficult to detect than high-temperature, on axis systems.

German and Lin (2004) had pointed out that there is a contradiction to a
previous hypothesis by Baker et al. (1996) about the relation of available magmatic
heat flux and thus spreading rate and the abundance of hydrothermal venting on
oceanic ridge crests. Baker et al. (1996) predicted that the amount of venting should
directly scale with spreading rate, with consequently the largest amount of
hydrothermal venting along fast-spreading ridges. What appears to contradict or at

least modify this hypothesis is, as German and Lin (2004) stated, the discovery of
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hydrothermal activity along some ultraslow-spreading ridges like the SW Indian
Ridge (German et al., 1998; Bach et al., 2002) and the Gakkel Ridge in the Arctic
Ocean (Edmonds et al., 2003). The results of this work imply that, while the total
energy discharged at hydrothermal vent sites might be lower than at fast-spreading
ridges, the number of vent sites at slow-spreading ridges does not necessarily need to
be lower, as hydrothermal venting might occur at lower temperatures and thus a
lower energy output.

First order processes in hydrothermal systems can excellently be studied with
pure water, single-phase convection as shown by e.g. (Driesner, 2010). For more
complex processes however, it has become increasingly clear that there is a need for
multi-phase codes, which can distinguish between a liquid and a vapor phase (e.g.
Geiger et al., 2006; Driesner and Geiger, 2007a; Driesner and Heinrich, 2007;
Coumou et al., 2009b; Lewis and Lowell, 2009). Moreover the transport of saline
fluids is important if ore forming processes during e.g. SMS formation shall be
investigated. Supercritical and subcritical phase transitions control physical and
chemical properties of hydrothermal fluids (e.g. solubility, metal concentration)

(Bischoff and Rosenbauer, 1988).
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9 Conclusions & Outlook

The combined results of this work mark a key step forward in understanding the
interplay of magma supply, tectonic faulting and hydrothermal processes at oceanic
ridges under varying tectono-magmatic conditions. While the dominant
temperature in a hydrothermal fluid at the initial formation of a rising
hydrothermal plume is controlled by the inherent thermodynamic properties of
water (maximum fluxibility, Jupp & Schulz, 2000), the results presented in this
work (Chapter 4 and 5) confirm how permeability of the lithosphere controls fluid
temperatures during the ascent of hydrothermal fluids until venting at the seafloor
(Driesner, 2010). Additionally, the findings of this work highlight the importance
of permeability contrasts in the oceanic lithosphere in controlling submarine
hydrothermal vent temperatures. The results are especially significant for
hydrothermal systems at slow-spreading ridges, which frequently are controlled by
permeable fault zones. High-temperature hydrothermal fluids can only efficiently
flow along permeable fault zones that are not too permeable or wide, otherwise a
distinct temperature drop as the result of mixing with entraining cold seawater
occurs. Since slow-spreading ridges typically have a complex, heterogeneous
permeability structure, which includes numerous faults and fractures, the results of
this work imply that the amount of low-temperature hydrothermal circulation is
expected to be considerably higher than at fast-spreading ridges. This implication is
potentially important for the global distribution of SMS deposits at oceanic ridges,
which most effectively form if hydrothermal fluid temperatures are higher than 300°
C. The results from dynamic modeling of seafloor spreading under varying tectono-
magmatic conditions (Chapter 7) show how crustal thinning and brittle faulting is
increasing with decreasing supply of magma to the ridge axis.

It had recently been shown that ridge segments of the slow-spreading Mid-

Atlantic Ridge experience shifting episodes of tectonic and magmatic phases
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(Escartin et al., 2008, section 1.1). The initial hypothesis of this work (see section
1.1 and 1.2), about the control of the tectono-magmatic state of slow-spreading
ridge segment on the position of hydrothermal vent sites, was amongst others based
on these findings. The Logatchev 1 hydrothermal field, which is an off-axis MAR
vent field that shows stable vent temperatures of 300-350°C and which is associated
with an active tectonic fault zone outcropping in a distance of 8 km from the ridge
axis, has been studied as part of this work. Some MAR segments appear to have a
higher supply of magma and are showing characteristics more similar to fast-
spreading ridges. The MAR vent field 5°S is such a high-temperature (-400°C)
hydrothermal field located in the vicinity of the ridge axis (section 1.1).

The combined results from hydrothermal flow modelling and lithosphere-scale
mechanical model of oceanic ridges indicate how vent site location is controlled by
different styles of seafloor spreading (Chapter 7), which confirms the above
hypothesis. The results of the Logatchev study (Chapter 4) clearly show how
hydrothermal flow is deviated and controlled by permeable fault zones and chapter
5 shows that hydrothermal discharge without an inclined fault zone is constantly
occurring at the seafloor vertically above a driving heat source. At slow-spreading
ridge segments tectonic faults are typically dipping towards the ridge axis at depth
and are outcropping at the seafloor in a distance of up to several kilometers from the
axis (e.g. Chapter 4). The off-axis fault termination is thus a likely position for fault
controlled hydrothermal venting, typically occurring at slow-spreading ridge
segments in a tectonic phase (Chapter 4 and 7). Hydrothermal circulation at fast-
spreading ridges, which typically show a high magma supply and a more
homogenous permeability (Chapter 7), appears to be primarily controlled by the
position of the driving heat source at depth below the ridge axis. This scenario that
favors hydrothermal venting in the axial region vertically above the heat source, also

applies to magmatic segments at slow-spreading ridges.
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Outlook

It would be interesting to fully couple the porous flow model of hydrothermal
circulation with the mechanical model for visco-elasto-plastic deformation of the
lithosphere during seafloor spreading. Such a mechanical model has been developed
for fast-spreading ridges, which accounts for visco-elastic deformation (Theissen-
Krah et al,, 2011). Such simulations remain however challenging since
hydrothermal circulation and seafloor spreading occur on very different time-scales
of thousands and millions of years respectively. The additional stress iterations,
which have to be conducted during plastic failure of brittle rocks at slow-spreading
ridges requires even more computation time. Further hydrothermal flow
simulations could be conducted, which use the actual permeability field, resulting
from the mechanical model runs. For this strain rates have to be translated into
values of permeability in an adequate way.

Moreover it would be interesting to study additional field data of submarine
hydrothermal systems that are associated with permeable fault zones with respect to
their vent temperatures, their distance from the ridge axis and properties of the
tectonic fault zone. Valuable data on permeability and temperatures might also exist
from land-based geothermal systems. Furthermore the hydrothermal flow model in
this work could be modified to solve for chemical reactions and thus include the
formation of anhydrite or quartz during hydrothermal convection. This might be an
important process to reduce permeability or width of fault zones, a crucial
parameter in controlling hydrothermal vent temperatures as shown in this work.
Some chemical reactions during hydrothermal circulation require that the model
can solves for the convection of saltwater (NaCl-system) and also that the code is
able to distinguish between a liquid and vapor phases (2-phase flow). Moreover
crustal permeability could be coupled to temperature, which is assumed to decrease
during heating. At temperatures higher than ~600°C no earthquakes are recorded in
rocks, which are then assumed to behave ductile without brittle fracturing. In the

absence of open voids like fractures or pores permeability is presumably very low.
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| Appendix: Glossary & mathematical symbols used

Glossary, mathematical symbols and abbreveations used

Symbol explanation units
General
Kilogram kg
Meter or mass (in kg) m
Second s
Pascal Pa
Kelvin K
Degrees Celsius °C
Joule J
t/dt time/timestep s
X,y spatial coordinates m
n numerical timestep n = 1, 2, 3... —
N shape function-weighting function for Galerkin FEM —
0 weighting symbol (FE notation) —
P pressure bar, Pa or kg m!s?
T temperature °C
g/a gravitational/acceleration m 52
Hydrothermal flow model
p density kg m™
cp specific heat capacity J (kg K)!
u viscosity Pas?tor kg (ms)!
o thermal expansivity °C-!
B compressibility Pa !
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Symbol explanation units
h specific fluid enthalpy J kg'!
J thermal energy (p *cp*T) kg m? s
K thermal conductivity W (m K)2
Kaigr thermal diffusivity m? 5!
k permeability m?
c permeability contrast —
@ porosity %
% darcy velocity ms!
u pore velocity of fluid inside the pores (v/@) ms~!
Qmass mass flux (p*u) kg s'm2
my integrated fluid mass flux kg (s m™)
4 heat conductive heat flux W m2
Hf integrated heat flux into model domain (LHF1) kW/m ridge axis
Qin total magmatic heat input W/m
Mechanical model
f force kg m s
A area m?
o stress  (force per unit area) kg mls?
On normal stress — acting perpendicular to a given plane
shear stress — acting parallel to a given plane
o deviatoric stress — stress component after removal of the
mean stress/pressure
Oy 2nd invariant of stress
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explanation

units

strain—measure of deformation (by distortion or dilation) = —

S—l

S—l

Pa
kg (m s)! or Pas’!
kg (m s)! or Pas’!

o

o

Pa

kg m1s?

&

£ strain rate

g' deviatoric strain rate (after subtraction of normal strain rates) s!
e 2nd invariant of strain

G elastic shear modulus (rigidity)

n viscosity

Uyep effective visco-elasto-plastic viscosity

W dilation angle

17 friction angle

c cohesion

Q plastic flow potential

F yield function

v dilation term

A penalty factor (for incompressibility)

e, error during plasticity iterations

Vol plastic multiplier

Abbreviations

MOR Mid Ocean Ridge

MAR Mid Adantic Ridge

EPR East Pacific Rise

FD/FV Finite Differences/Finite Volumes
FEM Finite Element Method

SMS Submarine Massive Sulphides
EOS Equation Of State (of water)
R/LHS Right/Left hand side (of an equation)
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