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ABSTRACT 

Ever since the discovery of seafloor hydrothermal systems at mid ocean ridges, 

scientists have been trying to understand the complex dynamic processes by which 

thermal energy is transported advectively by chemically reactive aqueous fluids from 

Earth’s interior to the surface. Hydrothermal systems are generally assumed to consist of 

a heat source and a fluid circulation system. Understanding the interconnected physical, 

chemical, biological, and geological processes at oceanic spreading centers is important 

because these processes affect the global energy and biogeochemical budgets of the Earth 

system. 

Despite two decades of focused study of hydrothermal systems, several key 

questions remain concerning the behavior and evolution of hydrothermal vent systems. 

Among these are: (a) the partitioning of heat transport between focused and diffuse flow, 

and (b) the spatial extent and distribution of hydrothermal recharge. These are the main 

topics of investigation in this thesis.  

To address these issues, I first use a single-pass modeling approach using a 

variety of observational data in a simple parametric scale analysis of a hydrothermal vent 

field to determine fundamental parameters associated with the circulation and magmatic 

heat transfer for a number of seafloor hydrothermal systems for which the constraining 
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data are available. To investigate the partitioning of heat flux between focused high 

temperature and diffuse flow I extend the one-limb single pass model to incorporate two 

single-pass limbs to represent deep and shallow circulation pathways. As a result, I find 

that 90% of the heat output is from high temperature fluid circulating in the deep limb 

even though much of the heat loss appears at the seafloor as low-temperature diffuse 

flow.  

Next, I use the parametric description of hydrothermal circulation to investigate 

hydrothermal recharge at the East Pacific Rise 9°50′ N hydrothermal site. Using a 1-D 

model of recharge through an area of 105 m2 elucidated by microseismicity in the oceanic 

crust I find that anhydrite precipitation is likely to result in rapid sealing of pore space in 

the recharge zone. This would lead to rapid decay of hydrothermal venting, which is 

contrary to observations. Then I consider two-dimensional numerical models of 

hydrothermal circulation in a porous box heated from below. The preliminary results of 

these models suggests that the anhydrite precipitation zone will be more diffuse, but 

additional work is needed to test whether anhydrite precipitation will seal the pore space. 
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Chapter 1: Introduction 

Hydrothermal systems involve complex dynamic processes by which thermal 

energy is transported advectively by chemically reactive aqueous fluids from Earth’s 

interior to the surface.  These systems act to redistribute heat within the crust and focus 

heat loss to the surface [e.g., Lowell, 1992]. As a result of chemical reactions between the 

circulating fluids and crustal rocks, hydrothermal fluids are often linked with mineral 

deposits [e.g. Fouquet et. al., 2002, James and Elderfield, 1996; Bischoff and Dickson, 

1975; Converse et. al., 1984; Janecky and Seyfried, 1984]. Hydrothermal systems thus 

essentially consist of a heat source and a fluid circulation system.  

At oceanic spreading centers, where the heat source for hydrothermal circulation 

is generally thought to be a sub-axial crustal magma chamber or AMC [e.g., Maclennan, 

2008; Lowell et al., 2008], hydrothermal systems (Figure 1) account for approximately 

20% to 25% of the Earth’s total heat loss [e.g., Williams and Von Herzen, 1974; Sclater 

et al., 1980; Stein and Stein, 1994]. In addition, they act as important components for 

chemical transfer between the ocean and lithosphere [e.g., Wolery and Sleep, 1976], and 

provide nutrients to sustain vibrant ecosystems [e.g., Sarrazin et al., 1997; Kelley et al., 

2002]. It has been postulated that life may have begun at submarine hydrothermal vents 

[Baross and Hoffman, 1985]. 
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Figure 1: Global distribution of known hydrothermal vents. Note the location of East Pacific Rise (EPR) 9-10° N and Axial and Endeavor on 
Juan de Fuca Ridge. (Data courtesy of D. Fornari and T. Shank, Woods Hole Oceanographic Institution, Massachusetts, USA.). Reprinted by 
permission from Macmillan Publishers Ltd: [Nature Reviews Microbiology] (Martin, W., Baross, J., Kelley, D. & Russell, M. J. Hydrothermal 
vents and the origin of life. Vol. 6, 805–814), copyright (2008). 
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A convenient way to describe hydrothermal circulation is to divide it in to three 

parts: a recharge zone, a discharge zone, and a heat-transfer/reaction zone [e.g., Lowell 

and Germanovich, 1994, 2004]. Cold seawater enters the crust through the recharge zone 

to near the top of the AMC (Axial Magma Chamber), where its temperature increases as 

heat is conducted from the top of the AMC and it undergoes water-rock reactions in the 

reaction zone. Hydrothermal fluid then rises as a result of its thermal buoyancy and 

discharges on the seafloor through chimney- like vent structures. These high-temperature, 

~ 350 ̊C, fluids discharge iron- and sulfur-rich minerals that precipitate when hot 

hydrothermal fluid comes in contact with the cold sea water giving rise to the term “black 

smokers” [Spiess et al., 1980].  Some of the high-temperature fluid may mix with cold 

seawater in the upper crust and emerge as low-temperature diffuse flow [Von Damm and 

Lilley, 2004, Butterfield et al., 2004]. The flow geometry described in this manner is 

commonly called a “single-pass” model because the fluid passes through the system only 

once [Elder, 1965]. This approach has been adapted to the study of ocean ridge 

hydrothermal systems [e.g., Lowell and Germanovich 1994, 2004]. 

Figure 2 shows a schematic of a hydrothermal system. As the seawater descends 

in the crust, it’s temperature increases gradually and it’s composition changes as 

chemical constituents (e.g. calcium sulfate, quartz, etc. ) are exchanged between the rock 

and circulating fluid. Some elements in the hydrothermal fluid are exchanged with the 

rock after reactions. The heat required for these reactions is provided by a convecting, 

crystallizing, replenished magma chamber. High temperature venting could not be driven 

by extracting heat from hot crustal rocks [Strens and Cann, 1982; Lowell and Rona, 

1985]. After passing through the reaction zone the fluid enters the up-flow zone where 
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partitioning between high-temperature focused flow and low-temperature diffuse flow 

occurs before it exits the crust. The hydrothermal fluid with high levels of sulfur-bearing 

minerals exits the crust as black smokers with temperatures around  350˚C  from 

hydrothermal vents. Hydrothermal vents are covered with mineral precipitates carried by 

hydrothermal fluid to the crust. 

 

Figure 2: Schematic of a hydrothermal system. My focus in this study is on the recharge zone 
and the precipitation of a specific mineral called anhydrite and its effect on the circulation. 
Illustration by E. Paul Oberlander at Woods Hole Oceanographic Institution, Used with 
permission, 2012. 

 
Understanding the interconnected physical, chemical, biological, and geological 

processes at oceanic spreading centers is important because these processes affect the 

global energy and biogeochemical budgets of the Earth system. Hydrothermal circulation 
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plays a key role in these spreading center processes. Much has been learned during the 

past three decades of study. The presence of a magma chamber, as a low velocity zone 

containing melt has been proven by geophysical techniques [e.g. 9°50´ N, EPR: Detrick 

et al., 1987, Endeavour Segment, JdFR: Carbotte et al., 2008; Van Ark et al., 2007; and 

Lucky Strike, MAR: Singh et al., 2006]. Vent fluid chemistry is one of the key features of 

hydrothermal systems, and it is primarily affected by water-rock reactions [Butterfield et 

al., 2004; Von Damm, 1995, 2004; Von Damm and Lilley, 2004]. Rapid and significant 

changes occur in venting and fluid composition of hydrothermal systems following 

magmatic events such as dike emplacement and eruptions [Butterfield et al. 1997, 

Haymon et al 1993; Butterfield and Massoth, 1994; Von Damm et al. 1995]. The heat 

output from hydrothermal systems is also important because it places strong constraints 

on the physical processes in the subsurface [Lowell and Germanovich, 1994, 2004]. 

Despite these advances, however, several key questions remain concerning the 

behavior and evolution of hydrothermal vent systems. Among these are: (a) the 

partitioning of heat transport between focused and diffuse flow, and (b) the spatial extent 

and distribution of hydrothermal recharge. These are the main topics of investigation in 

this thesis.  

To address these issues, I first use a single-pass modeling approach described 

conceptually in Figure 2. This modeling approach uses a variety of observational data in 

a simple parametric scale analysis of a hydrothermal vent field to determine fundamental 

parameters associated with the circulation and magmatic heat transfer. This approach has 

been applied in a “generic sense” [Lowell and Germanovich, 1994, 2004]. I will apply 
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the model to a number of seafloor hydrothermal systems for which the constraining data 

are available. The single-pass model and it applications are discussed in Chapter 2. 

Recently the single-pass approach has been extended to incorporate two single-

pass limbs [e.g. Lowell et al, 2003; Germanovich et al. 2011]. The deep limb represents 

the circulation path in the standard single pass approach; and a 2nd limb has been added 

to it, which represents a shallow recharge that mixes with the ascending hydrothermal 

fluid in the upflow zone. This mixing causes the temperature of parts of the fluid to drop 

and discharge as low temperature diffuse flow. The advantage of the two limb modeling 

compared to single pass modeling is that it can be used to investigate the partitioning of 

heat flux between focused high temperature and diffuse flow. 

Chapter 3 of this thesis uses the parametric description of hydrothermal 

circulation described in Chapter 2 to investigate hydrothermal recharge at the East Pacific 

Rise (EPR) 9°50′ N hydrothermal site. Since the discovery of fresh volcanic activity and 

changes in the hydrothermal system and the biological communities in 1991 [Haymon 

1993], EPR 9°50´N has been the target of extensive measurement and sampling 

programs. Numerous data sets collected at EPR provide strong constraints on 

mathematical modeling of the magma hydrothermal system [e.g., Ramondenc et al. 2006, 

Ferrini et al. 2007, Von Damm and Lilley, 2004, Von Damm, K.L. 2004, Stroup et al., 

2009]. Of particular interest are the seismicity data and the hypothesis of Tolstoy et al., 

[2008] that deep hydrothermal recharge occurs in a relatively focused region near the end 

of a fourth order ridge segment [Haymon and White, 2004].  This hypothesis is contrary 

to that of Lowell and Yao [2002]; who argue that hydrothermal recharge, must occur over 

broad areas of the crust in order to prevent clogging of the circulation by anhydrite 
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precipitation. The Lowell and Yao [2002] model is a one-dimensional ‘generic’ model, 

however, and to counter this argument, Tolstoy et al. [2008] suggest that repeated crack 

extension and rejuvenation associated with the seismicity maintains crack permeability in 

this narrow zone despite the possibility of anhydrite precipitation. In chapter 3, I 

reconsider the one-dimensional recharge model of Lowell and Yao [2002] in the light of 

the parameters determined for EPR 9°50´N in Chapter 2.  The results of this analysis 

show that the 1-D model is not adequate to explain the issue of anhydrite precipitation in 

the recharge zone, even if seismicity effectively maintains a porosity of ~ 100%. Then I 

consider a two-dimensional numerical model. The preliminary results of this models 

suggests that the anhydrite precipitation zone will be more diffuse, but additional work is 

needed to test whether the recharge zone proposed by Tolstoy et al. [2008] can carry all 

the recharge or whether some component of off-axis recharge is also needed to maintain 

the observed hydrothermal system.  

Chapter 4 summarizes the main conclusions of this thesis and provides 

recommendations for future work. 
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Chapter 2: Parameterization of Mid Ocean Ridge Hydrothermal 

Systems 

2.1 Introduction  

The single-pass modeling is a simplified approach to study hydrothermal 

circulation at oceanic spreading centers by providing first-order insight into physical 

behavior of oceanic spreading centers and useful vent-field scale estimates of subsurface 

quantities such as mass transport, permeability, and thickness of the conductive boundary 

layer above the AMC [Lowell and Germanovich, 2004]. This approach, as described in 

Chapter 1, considers the recharge, discharge and heating elements in the system in a 

parameterized manner in which average values of temperature are assumed in each limb 

and the total mass flow through the systems is given a constant value.  

Lowell and Germanovich [2004] have used the single pass approach in a generic 

sense, and Lowell [2010] has used the model to parameterize several known 

hydrothermal systems on slow spreading ridges.  Here I will use this approach to 

investigate three particular systems for which the most abundant data are available. These 

are the EPR 9°50´N, the Main Endeavour Field (MEF) and the Axial Seamount 

Hydrothermal Emissions Study Vent Field (ASHES) hydrothermal systems. EPR 9°50´N 

lies on a fast spreading ridge; the latter two are hosted on an intermediate spreading ridge.  

In the next section I briefly describe these three systems.  Then I apply the standard 

single-pass model to these systems and in section 2.4 I apply a two-limb model.  
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2.2  Ridge Crest Hydrothermal Systems 

(A) East Pacific Rise 9°50′ N 

At the EPR 9°50′ N site, a number of vents, from Biovent in the north to Tube 

Worm Pillar (TWP) in the south (Figure 3), delineate a zone of hydrothermal discharge 

that represent two along-axis convection cells [e.g., Tolstoy et al., 2008]. One cell 

extends from the Bio9-P vent area to TWP in the south; the other extends to Biovent in 

the north. Limited data on advective heat flow [Ramondenc et al., 2006] suggest heat 

flow from the entire region between Biovent and TWP is approximately 320 MW, 

divided evenly between the two cells. Of the 160 MW heat output in the southern cell, 

approximately 20 MW is from black smoker vents and 140 MW is diffuse flow 

[Ramondenc et al., 2006].The overall uncertainty in these heat output data is estimated to 

be ~ 100% [Ramondence et al., 2006], which is similar to that at other sites regardless of 

measurement technique [e..g., see Table 1 in Baker, 2007]. Despite the large uncertainty 

in the data, the measured heat output is typical of most mid-ocean ridge hydrothermal 

systems [Baker 2007]. These data, coupled with geochemical data from black smoker 

vents and diffuse flow across the Northern Transect (Figure 3; Table 2) are used in to 

determine the effective fraction of high-temperature heat flux at EPR 9°50´N (see section 

2.5). 
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Figure 3: Location of vents at 9°50´N EPR. The areas circled represent the Northern and 

Southern Transects. [From Fornari et al., 2004]. Used under fair use, 2012. 

 

(B)             MEF 

The MEF consists of a number of large sulfide structures extending along an 

approximately 350 m section of the Juan de Fuca Ridge from Hulk in the north to Peanut 

in the south (Figure 4). Hydrothermal heat output from the MEF is 423 ± 212 MW 

[Baker, 2007], which we assume to be 420 MW for simplicity of calculation. 

Geochemical data from black smokers and adjacent diffuse flow for the MEF structures 

are given in Table 2. The combined thermal and geochemical data are used to determine 

the effective fraction of high-temperature heat flux at the MEF in Table 3. 
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Figure 4: Map of the MEF adapted from Delaney et al. [1992]. Used under fair use, 2012. 
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(C) ASHES 

The ASHES (Axial Seamount Hydrothermal Emissions Study) hydrothermal 

system lies near the southwest margin of Axial Caldera on the Juan de Fuca Ridge 

(Figure 5). This well-studied vent field consists of six high-temperature vent structures 

with temperatures ranging between 200°C and 350°C [Hammond, 1990, Butterfield et al., 

1990] and a number of diffuse flow sites. Heat flow data from point source measurements 

[Rona and Trivett, 1992] suggests that diffuse heat flow represents approximately 90% of 

the total. Geochemical data (Table 2) is used in conjunction with the heat flow data to 

determine the effective fraction of high-temperature heat flux at ASHES.  

 
Figure 5: Map showing Axial Caldera with the ASHES vent field. Image created by Deborah 

Kelley, University of Washington, using bathymetric data provided by D. Clague and D. Caress, 
MBARI. Used with permission, 2012. 

 

2.3. The standard single pass model 

A cartoon of the standard single-pass model geometry is shown in Figure 6. Cold 

seawater penetrates the oceanic crust, where it is heated to a temperature T1 and has a 

mass flux of Q1; the buoyant fluid then rises and discharges into the ocean through a 
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hydrothermal vent field of area Ad, with a temperature of T3. The system is heated by a 

layer of vigorously convecting basaltic magma with a thickness of Dm a temperature 

Ts~1300˚C. 

 

 

 

Figure 6: A schematic of a single pass approach. The top of the magma chamber is 
maintained at its solidus Tm~ 1300 ˚C. Heat from the magma to the hydrothermal system is 
transported across a conductive boundary layer of thickness δ in the horizontal limb, where high 
temperature water-rock reactions and phase separation occur. The brine layer is the phase 
separation zone [Modified from Lowell et al., 2008, Liu and Lowell, 2009].  

 
 

Conservation of mass and momentum in the 1-D pipe-like flow system 

[Ramondenc et al., 2008] (Figure 6) can be written using electric circuit analogy. 

Conservation of momentum is expressed by an integrated form of Darcy’s Law, which is 

equivalent to Ohm’s Law for an electric circuit. For buoyancy driven flow this is given 

by [e.g., Lowell and Germanovich, 2004; Germanovich et al., 2011]: 
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ν
AKTgαρ

Q r3f
1 ≈  

 (1) 
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Where ρf is the fluid density, g is the acceleration due to gravity, α is the thermal 

expansion coefficient of fluid, ν is the kinematic viscosity of the fluid, k is the 

permeability, Ad is the cross-sectional area through which the fluid passes, T3 is the 

temperature of the discharging fluid. For a complete list of the parameters, definitions, 

values and units please refer to Table 4, at the end of chapter 2. 

Conservation of energy comes from a simple heat balance assuming that all the 

heat transported by conduction across the thermal boundary layer at the top of the AMC 

is carried upward by the hydrothermal system without loss. Then conservation of energy 

can be written simply as [Lowell et al., 2008]: 

λr(Tm − T3
2 )Am

δ
= chtQ1T3~Hht 

(2) 
Where λr is the thermal conductivity of rock, Tm is the mean temperature of 

magma, Am is the area of heat uptake at the base of the hydrothermal system, δ is the 

thickness of the conductive boundary layer, cht is the specific heat of the high temperature 

hydrothermal fluid, and Hht is the total heat output, respectively.  

An assumption of the model is that crustal permeability is heterogeneous so the 

flow circulates in high permeability pipe-like zones in low-permeability environment. 

The observed black smoker vent temperature and hydrothermal heat output, together with 

the calculated value of the mass flux (Q1), and estimates of the area of the AMC (Am), 

and hydrothermal vent field (Ad) allow one to estimate the bulk permeability within the 

discharge zone and the thickness of the conductive boundary layer at the top of the AMC 

using equations (1) and (2). Tables 1 and 2 provide the pertinent input data for the single 

pass model as applied to the three systems parameterized here.  
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2.4. The two-limb model 

In this section, I advance the single pass approach described above by using a 

two-limb single pass model. The advantage of this approach is that it can be used to 

investigate partitioning between focused and diffuse heat output. The goal is to determine 

the fraction of high-temperature heat output that enters the diffuse flow component from 

below. In order to do this, however, one must have data on the partitioning of heat output 

between focused and diffuse flow components, the mean temperature of both high- 

temperature and diffuse flow, and vent chemistry data from both focused and diffuse flow 

for elements such as magnesium, silica, and/or chloride that can be used as a passive 

tracer. Unfortunately, these data are currently available for only a few hydrothermal 

systems. These are fast spreading ridge EPR 9°50′N, MEF, and ASHES on the 

intermediate spreading Juan de Fuca Ridge. 



 17 

Table 1: Parameters used in single limb model references 

Site 
Vent-Field 

Area (m2) 

Heat Flux 

(MW/field) 

Vent Temperature (˚C) AMC 

Size 

(m2) 

   

Mean 
diffuse 

temperature 

Mean high 
temperature 

Q1 

(kg/s) 

K 

(m2) 
δ (m) 

EPR 9°50′ N 1.E+041 160 2 30 3 370 4 1.E+06 5 86  
3.3E-

13 
12.7 

JDFR 

Endeavor 2.E+056 420 7 29 8 365 9 2.4E+06 10 230  
4.5E-

14 
11.6 

ASHES  1.E+0411 50 12 21 13 280 14 5.E+06 15 36  
1.6E-

13 
235.4 

 

The two-limb single-pass model  (Figure 7) consists of a deep circulation path in 

which seawater descends to near the top of the AMC with  mass flow rate of Q1, gets 

heated by conduction from the convecting, replenished magma chamber, undergoes high-

temperature water-rock reactions, and ascends to the seafloor as high-temperature 

hydrothermal fluid T3. In addition there is a shallow circulation path residing in layer 2A, 

representing lower temperature seawater circulation with mass flux Q2 and temperature 

T2 that mixes with some of ascending high-temperature fluid, resulting in diffuse heat 

                                                 
1 Tolstoy et al, 2008 
2 Ramondenc et al, 2006 
3 Von Damm and Lilley, 2004 
4 Ramondenc et al, 2006 
5 Tolstoy et al 2008, Ferrini et al., 2007 
6 Veirs et al, 2006 
7 Modified from Baker, 2007 
8 Lang et al., 2006 
9 Kelley et al., 2002 
10 Van Ark, 2007 
11 Rona and Trivett, 1992 
12 Rona and Trivett, 1992 
13 Lang et al, 2006 
14 Lang et al, 2006 
15 West et al, 2001 
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output. Such two-limb single-pass models have been used previously [Pascoe and Cann, 

1995; Lowell et al., 2003; Crowell et al.,2008; Ramondenc et al.,  2008; Germanovich et 

al., 2011].  

 
Figure 7: Schematic of a two-limb single-pass hydrothermal circulation model for 

understanding the partitioning between focused and diffuse flows at the vent field scale. 

 

For the 2 limb modeling, from equation (2) we can state that:  

Hdiff = cdiff Q4T4 
(3) 

Subscript diff refers to the value for the diffuse flow limb. By knowing the 

individual heat outputs Hdiff and Hht at the vent field scale together with their mean 

temperatures T3 and T4, one can calculate the mass flows Q3 and Q4, respectively. Also 

from conservation of mass, we can calculate the value for Q2 using equation below: 

Q1+ Q2 = Q4+ Q3 
(4) 
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Where Q1 and Q2 are the mass fluxes that enter the system from the deep and 

shallow recharge respectively, and Q4 and Q3 are the mass fluxes that exit the system, 

as low temperature diffuse flow and high temperature focused flow, respectively. 

We then use Mg concentration in the diffuse flow fluid as a conservative tracer to obtain 

the fraction ξ of black smoker fluid entrained in the diffuse flow. We assume that the 

black smoker fluid is an end-member hydrothermal fluid with Mg = 0. Table 2 shows the 

average Mg concentration in diffuse flow fluid and seawater for our studied sites. Writing 

the Mg concentration X, we have: 

ε =
Xdiff − Xsw
Xht − Xsw

 

(5) 
Where ε is the mixing ratio of a conservative tracer in diffuse flow to high 

temperature flow, X is concentration of the tracer and the subscripts diff, ht, and sw 

refer to diffuse, high-temperature, and seawater concentrations, respectively. In terms 

of mass flux: 

ε =
Q1
∗ − Q3

Q4
 

(6) 
Where Q1

∗  is the total mass flux after partitioning between high temperature and 

diffuse flow. We use a two-limb single pass model similar to that shown in Figure 7 in 

conjunction with geochemical and thermal data from high-temperature and diffuse 

flow at three well-studied sites described earlier in this chapter to explore the 

partitioning between focused and diffuse flow heat output and to obtain fundamental 

parameters for the EPR 9°50′N hydrothermal system that will be discussed in more 

detail in Chapter 3.  
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2.5. Results of the 2 limb model 

Table 2 contains thermal and chemical data of the 3 studied sites. Using equation 

(5) we have calculated the mixing ratio for these sites. 

For the three studied vent fields, we find that the mixing fraction varies between 

0.05 and 0.1 and the mean is ~ 6% (Table 2). From these relations, we are able to 

determine the total mass flow rate (Q1
∗ ) of fluid for each of these vent-fields. We can 

compare Q1
∗  with the high-temperature mass flow rate that would be obtained if we 

simply assumed that all of the heat output resulted from high-temperature flow, Q1. 

Heat output data on the vent-field scale indicates that the ratio of diffuse heat 

output to the total is ~ 0.9 for the EPR at 9°50′N [Ramondenc et al., 2006], ~ 0.5 for the 

Main Endeavour Field [Veirs et al., 2006] and ~ 0.9 for the ASHES hydrothermal field 

[Rona and Trivett, 1992], respectively. Thus ~ 90% of the heat output from these 

hydrothermal systems is ultimately a result of high-temperature flow driven by heat 

transfer from the axial magma chamber, even though most of the heat output appears at 

the seafloor as low-temperature diffuse flow. So if we assume all the mass flux results 

from high-temperature flow the error is ~ 10%.  

Because most of the heat output is ultimately from the deep, high-temperature 

limb, mass flux Q1 that we calculated from the standard single-pass model provides a 

good first order estimate of the total mass flux from the system. Hence the values of bulk 

permeability, k, and conductive boundary layer thickness (δ) calculated from the standard 

single pass model will not be much different from that calculated from the two limb 

model. If all the data that we obtain from a vent field is integrated heat flux, we can still 

calculate the basic parameters with a 10% error. 
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Table 2: Temperature and geochemical data collected at Axial, MEF and EPR  

Location Temperature (˚C) Mg 

(mmol/kg) 

Average Mg 

(mmol/ kg) 

Mixing 

Ratio 

ε 

ASHES16 
High-temperature 

Samples (2003) 

 

Hell 283 0 0 0.051 

Hell 284 0 

Inferno 274 0 

Diffuse Samples (2003) Crack 35.3 49.3 50.30 

Collum 16 51.7 

Styx 13 49.9 

MEF17 
High-temperature 

Samples (2002) 

 

  0 0 0.087 

Diffuse Samples (2002) 

 

S&M, 
MT2 

8.7 51.9 48.37 

Hulk 17.5 50.4 

Easter 
Island 

23.6 48.75 

Dudley 74.1 41.8 
South 
Grotto 

21 49 

Seawater  2  53  
EPR18 

High-temperature 

Samples 

   0 0.057 

Diffuse Samples B9, 

BM9R, 

BM9lo, 

BM12 

  49.2 

Seawater    52.2  

                                                 
16 Selected data from Lang et al, 2006 
17 Selected data from lang et al, 2006 
18 Von Damm and Lilley, 2004 
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Table 3: Heat flow partitioning at the vent field scale, calculated values of mass flow rate for 

9°50´N EPR, MEF and Axial ASHES before and after considering geochemical partitioning 

using the mixing ratios calculated based on Mg measurements in Table 2. 

Site Diff. Flow Data High Temp. Data Results 

 
Mean Heat Output 

(MW) 

Mean Heat Output 

(MW) 

Q1
∗  

(Kg/s) 

Q1 

(Kg/s) 

Q2 

(Kg/s) 

Q3 

(Kg/s) 

Q4 

(Kg/s) 

EPR 14019 20  78 86 1103 11 1170 

MEF 21020 210  217 230 1710 115 1812 

ASHES 45 521 34.5  36 494 3.6 525 

 
 

Now that we know the fundamental parameters from general observational 

constraints such as heat output, vent temperature, and the areas of the AMC and vent 

field, we can perform more realistic numerical models of hydrothermal circulation at 

oceanic spreading centers. For most hydrothermal systems we don’t have much 

information about the recharge zone, but Tolstoy et al. [2008] provides an estimate of the 

size and location of the recharge at EPR. I will investigate this aspect of the hydrothermal 

system in Chapter 3. 

                                                 
19 Ramondenc et al. 2006 
20  Veirs et al. 2006 
21 Rona and Trivett 1992 
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Table 4: Symbols, their definition and their values in both high and low temperature fluids. 

Symbol Definition Value Unit 

A Cross-sectional area through which the 
fluid passes 

 m2 

Am Area of the sub-axial magma chamber  m2 

Ad Vent field discharge area  m2 

Ar Area of the recharge  m2 

b Separation of cracks  m 

cht Specific heat of the fluid in the high 
temperature limb 

5000 J/kg°C 

cdiff 
Specific heat of the fluid in the diffuse  

limb 
4000 J/kg°C 

cm Specific heat of the magma 1400 J/kg°C 

cf Specific heat of the fluid 4000-5000 J/kg°C 

cr Specific heat of the rock 1000 J/kg°C 

Ce Solubility  kg/(kg H2O) 

D Diffusivity of salt  m2/s 

Dm Thickness of the liquid part of magma  m 

g Acceleration due to gravity 10 m/s2 

h Depth to AMC  m 

H Specific enthalpy  J/kg 

Hv Vapor Enthalpy  J/kg 

Hdiff Diffuse heat output  W 

Hht High temperature heat output  W 

K Permeability  m2 

Kr Relative Permeability  m2 

P Pressure  Pa 

Pe Peclet number   
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q Mass flux  per unit area  kg/s.m2 

Q1 High temperature mass flow before 
partitioning 

 kg/s 

Q1
∗  

High temperature mass flow after 

partitioning 
 kg/s 

Q2 
Mass flow of the shallow diffuse 

recharge 
 kg/s 

Q3 
Mass flow of the high temperature 

discharge  
 kg/s 

Q4 
Mass flow of the low temperature 

discharge 
 kg/s 

T Temperature  °C 

T0 Temperature at the base of recharge  °C 

T1 Temperature in the deep recharge  °C 

T2 Temperature in the shallow recharge  °C 

T3 

Temperature of the high temperature 

discharge 
 °C 

T4 Temperature of the diffuse flow  °C 

Tf Temperature of the fluid  °C 

Tm Temperature of the magma 1300 °C 

u Darcian velocity  m/s 

ul Velocity of the liquid in a 2 phase 
mixture  

 m/s 

uv Velocity of the vapor in a 2 phase 
mixture 

 m/s 

w Width of the discharge zone  m 

x Bulk salinity  %wt 

xv Bulk salinity of the vapor  %wt 

xl Bulk salinity of the liquid  %wt 

Xdiff Concentration of a conservative tracer in  kgsolid/kgwater 



 25 

diffuse flow 

Xht 

Concentration of a conservative tracer in 

high temperature flow 
 kgsolid/kgwater 

Xsw 

Concentration of a conservative tracer in 

sea water 
 kgsolid/kgwater 

z Vertical Cartesian coordinate  m 

α Thermal expansion coefficient of fluid 
1.E-03— 

1.E-04 
1/°C 

δ 
Conductive thermal boundary layer 

thickness 
 m 

ε 
Mixing Ratio of diffuse flow to high 

temperature flow 
  

λr Thermal conductivity of the rock 2 W/m.°C 

λm Thermal conductivity of the magma 2 W/m.°C 

μ Dynamic viscosity of fluid  Pa.s 

ν Kinematic viscosity of the fluid 1.E-07 m2/s 

ρf 

Density of the high-temperature fluid 700 
kg/m3 

Density of the low-temperature fluid 1000 

ρm Density of the magma  kg/m3 

ρv Density of the vapor in a 2 phase mixture  kg/m3 

ρl Density of the liquid in a 2 phase mixture  kg/m3 

ρr Density of the rock  kg/m3 

ρan Density of anhydrite 2970 kg/m3 

φ Porosity   

φ0 Initial porosity 0.01-1  
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Chapter 3: Recharge at the East Pacific Rise, 9°50´N 

3.1: Introduction 

Knowledge of hydrothermal recharge zones at oceanic spreading centers, which 

are a key element of the hydrothermal convection regime, is very unclear. It is generally 

not known whether recharge is primarily along or across axis, whether it is focused along 

faults or generally widespread, whether it evolves over time and space, or whether it is 

fundamentally three-dimensional. One clue to the state of recharge at a ridge crest 

hydrothermal system comes from the East Pacific Rise (EPR) integrated study site near 

9°50′N where Haymon et al. [1991] suggests that it is largely along axis. This suggestion 

is supported by Tolstoy et al. [2008], who argue that the clustering of hypocenters in a 

vertical pipe like zone above the AMC delineates the hydrothermal recharge zone for a 

hydrothermal circulation cell feeding vents such as Ty, Io, Bio9 and P (Figures 8 and 9). 

They hypothesize that the shallow microearthquakes result from tectonic stresses 

concentrated near a 4th order ridge segment end [Haymon and White, 2004] and that the 

microearthquakes create and maintain porosity and permeability that may become sealed 

by mineral precipitation.  Tolstoy et al., [2008] also suggest that the rapid decline of vent 

temperature at nearby Tube Worm Pillar (TWP) from 1994 until its inactivity in 2003 is 

evidence of recharge. 
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Figure 8: Location of EPR 9°50´N on the oceanic ridge axis. The black dots are the 
epicenters of 7000 microearthquakes recorded in a 7 month study; the dashed box is the 
postulated recharge zone. Reprinted by permission from Macmillan Publishers Ltd: [Nature] (M. 
Tolstoy, F. Waldhause, D. Bohnenstiehl, R. Weekly, W. Kim, Vol. 451, 181), copyright (2008). 

 

Finally, lack of high-temperature venting and fauna at the dashed box in Figure 8 

supports the idea that water is going into the crust and not out at this location [Tolstoy et 

al, 2008]. Thus the recharge can be narrowly focused on axis [Tolstoy et al. 2008]. 

~ 200 m 

~ 500 m 
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This hypothesis is contrary to that of Lowell and Yao [2002], who argue that 

hydrothermal recharge, must occur over broad areas of the crust in order to prevent 

clogging of the circulation by anhydrite precipitation. Experiments have shown that 

anhydrite (CaSO4) will precipitate from seawater as it is heated from ~150°C to ~ 250°C 

[Blount and Dickson, 1969; Bischoff and Seyfried, 1978]. Because seawater contains 

approximately 10 mmol/kg Ca and 30 mmol/kg SO4, as precipitation occurs over this 

temperature range a considerable fraction of seawater sulfate remains. But at  

temperatures between  ~150°C to 250°C, seawater reacts with basalt, Mg2+ in seawater is 

exchanged for Ca2+ in basalt, resulting in the precipitation of more anhydrite [Bischoff 

Figure 9: Cartoon illustrating hydrothermal cells near EPR 9°50´N. The blue dots represent 
what are thought to be tectonic earthquakes; the grey dots are considered to be generated by 
hydrothermal stresses. The red arrows are the two-limb single -pass flow path, projected on the 
postulated circulation cell. Reprinted by permission from Macmillan Publishers Ltd: [Nature] (M. 
Tolstoy, F. Waldhause, D. Bohnenstiehl, R. Weekly, W. Kim, Vol 451, 181), copyright (2008). 
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and Dickson, 1975; Seyfried and Bischoff, 1981; Mottl, 1983] and quantitatively 

removing seawater calcium and sulfate from the hydrothermal solution.  

Lowell and Yao [2002] calculated the rate of decrease of porosity and 

permeability resulting from anhydrite precipitation using a one-dimensional model of 

Darcian flow and heat transfer in a porous medium. They showed that if the velocity were 

assumed to be constant, a steep thermal gradient would exist near the base of the model 

forcing anhydrite to precipitate in a thin region. This would result in rapid sealing of the 

recharge zone. If they assumed the flow was driven by thermal buoyancy, in a one-

dimensional single pass model as shown in Figure 7 in chapter 2, porosity and 

permeability would still decline rapidly leading to rapid declines in hydrothermal vent 

temperature and heat output. Lowell and Yao [2002] did not account for the opening of 

new permeability as a result of seismicity as suggested by Tolstoy et al. [2008]; 

moreover, their model was “generic” in the sense that it was not constrained by data from 

any particular hydrothermal system. 

To determine which of these competing hypotheses is correct, I propose to 

reassess the model of Lowell and Yao [2002] using the parameterized results from 

Chapter 2. I show in the next section that the one-dimensional model results in rapid 

sealing, even if seismicity opened new fluid pathways. In section 3.3, I show the results 

of a two-dimensional numerical model to assess deep hydrothermal recharge at EPR 

9°50′N. The results of the numerical model are preliminary, because I have not 

considered the feedback of porosity and permeability reduction on the circulation 

pathways. The preliminary results, suggest that the zone of anhydrite precipitation occurs 

javascript:openreferences('seyf81')�
javascript:openreferences('mott83')�
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in a very thin layer at the depth of 1490 m. This could cause a fast decline in porosity and 

as a result the permeability of the system would decrease too. 

 

3.2: Parameterization of EPR and a one-dimensional recharge model 

From the results of the two-limb single pass model developed in Chapter 2, the 

mass flow in the deep circulation cell was found to be Q1
∗ ≅  80  kg/s. By continuity, the 

same mass flow must occur in the recharge zone. I will now use the mass flow rate to 

assess the change in porosity in a one-dimensional recharge zone as show in Figure 10.  

 

Figure 10: Schematic of the single pass hydrothermal system for EPR [Lowell and Yao, 
2002], the width, length and height of the system are from Figures 10 and 11 modified from 
Tolstoy et al. [2008], the top temperature is the temperature at the seafloor and The temperature at 
the bottom is an approximation for the upper limit of anhydrite precipitation zone. u is the 
Darcian velocity. The value of u can be calculated using the total mass flux and the area of the 
recharge zone: u = Q1

∗/ρf Ar the value of  u =  8.01 × 10−7 m
s

 for EPR. 
 
 

The rate of change in porosity with respect to time can be explained with a mass 

balance between the change in the pore volume and the rate at which the concentration of 
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anhydrite in the fluid changes along the flow direction [e.g. Wood and Hewett, 1982; 

Phillips, 1991; Lowell et al, 1993; Martin and Lowell, 2000; Lowell and Yao, 2002].  

The rate of change of porosity can be calculated as [Lowell and Yao, 2002]: 

 

dφ
dt

=
Q1
∗

Arρan 
×

dce
dT

×
dT
dz

 

(7) 

Where φ is the porosity, Ar is the area of recharge, which is 105 (m2) from Figure 

10. For EPR, Ad = 104 m2, ρan is density of anhydrite, which is 2970 (kg/m3), dce
dT

 is the 

rate of change in solubility of anhydrite with respect to temperature and dT
dz

 is the 

temperature gradient. 

Figure 11 represents the change of solubility in the temperature range between 

150 and 200 ˚C from Bischoff and Seyfried [1978] [reproduced from Lowell and Yao, 

2002]. Figure 12 shows the rate of change of solubility as a function of temperature 

derived from the fit to the data in Figure 11.  The rate of change of solubility is not 

constant: for simplicity, we use the highest rate of decrease in temperatures ranging from 

150 ˚C to 350˚C which is -0.0000182 [Lowell and Yao, 2002].  
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Figure 11: Data from Bischoff and Seyfried [1978] showing the rate of change of solubility of 
anhydrite with respect to temperature.  
 

 
Figure 12: The derivative of the solubility with respect to temperature derived from the fit to 

the data of Bischoff and Seyfried [1978] [see Lowell and Yao, 2002] 
 

Assuming uniform steady state flow in a 1-D recharge zone, we calculate 

temperature distribution in hydrothermal recharge from equation (8) [Lowell and Yao, 

2002] 

0.0E+00 

2.0E-04 

4.0E-04 

6.0E-04 

8.0E-04 

1.0E-03 

1.2E-03 

1.4E-03 

150 200 250 300 

dC
e/

dT
 (k

g 
C

aS
o4

/k
g 

se
aw

at
er

) 

temperature (˚C) 

-4.E-05 

-3.E-05 

-3.E-05 

-2.E-05 

-2.E-05 

-1.E-05 

-5.E-06 

0.E+00 

150 200 250 300 350 400 

dC
e/

dT
 

Temperature (˚c) 



 33 

cfQ1
∗dT

Ardz
= λr

d2T
dz2

 

(8) 

Where cf is the specific heat of the fluid and λr is the thermal conductivity of the 

rock-fluid mixture.  

Then the solution to equation (8) with the boundary conditions T = 0 ˚C at the 

seafloor and T = T0 at the base of the model [Lowell and Yao, 2002]: 

𝐓 =
𝐓𝟎 (𝐞(𝐏𝐞 𝐳𝐡) − 𝟏)

𝐞𝐏𝐞 − 𝟏
 

(9) 

where Pe is the Peclet number, the ratio of rate of advection to the rate of diffusion of 

heat: 

Pe =
cf × Q1

∗ × h
Ar × λr

 

 (10) 

From equation (10) and using the values in Table 1, we calculate the value 

of Pe = 2400 for EPR. Because Pe is a large number, the temperature distribution is then 

given by [Lowell and Yao, 2002]: 

T ≅ T0 �e�Pe zh−Pe� −  e(−Pe)� ≅ T0 �e�Pe �zh�−1�� 

 (11) 

The value of dT/dz is considered at the maximum, which occurs at the last 2 meters of the 

hydrothermal system. Hence for the large value of Pe determined above, the thermal 

gradient is ~500 ˚c
m

(Figure 13). 
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Figure 13 shows that the temperature doesn’t change much until the very end of the 

circulation system. Using equations (7) and (11) the change of porosity is calculated as 

[Lowell and Germanovich, 2004]: 

φ − φ0 =
cf × T0 × Q1

∗2

λ × ρan × Ar
2

dce
dT

t 

(12) 

 

 

 

Figure 13: Right: Thermal profile during 1-D hydrothermal recharge using estimated mass 
flux and recharge area from EPR 9°50´ N. As shown the 150°C isotherm, as the region of 
anhydrite precipitation is located at the very last meter of the circulation system. Left: The curve 
is the blow up of the temperature distribution in the last 2 m of the circulation system. 

 
 

The sealing time for 3 scenarios with different initial porosities is shown in Table 

5. Even considering 100% porosity the recharge zone seals rapidly after about 5 years, 

thus the hydrothermal system at EPR should shut down rapidly. This calculation does not 

include feedback on flow rate as porosity closes.  
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Table 5: Sealing Time as a function of initial porosity 

φ0 t 

0.01 1.42E6 (s) = 2 weeks 

0.10 1.42E7 (s) = 5.5 months 

1.00 1.42E8 (s) = 4.5 years 

 
 

Bear [1972] quantified the relationship between porosity and permeability for a 

set of parallel planar cracks with separation significantly larger than the width of cracks 

and if porosity is almost equal to the ratio of width to separation of cracks, the 

permeability can be stated as: 

K =
b2ϕ3

12
 

(13) 

Where K is the permeability, φ is the porosity and b is the separation of cracks 

[Lowell and Yao, 2002]. 

So as the porosity decreases, the permeability decreases even more rapidly; as a 

result, the 1-D model, using parameters pertinent to EPR 9°50´N, suggests that the 

postulated seismically inferred recharge zone may not be large enough to carry all the 

flow without clogging as a result of anhydrite precipitation unless the recharge areas are 

an order of one or two magnitudes higher than postulated by Tolstoy et al [2008], because  

bigger recharge area results in a smaller Darcian velocity (or mass flux) and since 

φ ∝  q−2,an order of  magnitude increase in the area causes a significant increase in the 
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sealing time. That means that the postulated recharge zone may widen at depth, recharge 

could occur off-axis as well as on-axis; it could also be three dimensional.  

 

3.3: A 2-D numerical model 

The principal simplification inherent in the 1-D model is that the entire mass flux 

Q1
∗

 (Figure 7 in Chapter 2) must pass through the region of high thermal gradient where 

rapid precipitation of anhydrite occurs, closing the pore space (Figure 13). As a result the 

circulation would rapidly decline as indicated by Lowell and Yao [2002]. In a 2-D or 3-D 

time-dependent model, as the porosity is becoming sealed and the permeability decreases, 

the fluid will tend to bypass that region and continue across the top of the magma 

chamber. Another possibility is that the decrease in porosity and permeability will change 

the thermal structure enough so that anhydrite precipitation will begin to occur elsewhere, 

and perhaps, because of its retrograde solubility, the initially precipitated anhydrite may 

dissolve and the permeability will reopen [e.g. Sleep, 1991; Fontaine et al., 2001].  

To address the 2-D circulation problem, I use the numerical simulator FISHES 

(Fully Implicit Seafloor Hydrothermal Event Simulator) [Lewis and Lowell, 2009 a, b] 

This simulator solves the coupled non-linear equations for mass, momentum, salt, and 

energy transfer in a NaCl-H2O fluid using the finite control volume approach [Patankar, 

1980]. It was designed to model two-phase flow and phase separation in a two 

component NaCl-H2O fluid under pressure and temperature conditions appropriate for 

seafloor hydrothermal systems. 

FISHES employs equations governing the conservation of mass, momentum, and 

energy as derived in Faust and Mercer [1979]. Conservation of mass is given by 
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∂(φρ)
∂t

+ ∇. (ρvu�v + ρlu�l) = 0 

(14) 

Conservation of momentum for vapor and liquid, respectively, are given 

 

u�v = −
KKrv

µv
 (∇P − ρvg∇z) 

(15) 

u�l = −
KKrl

µl
 (∇P − ρvg∇z) 

(16) 

Where Kr is the relative permeability, P is the pressure, z is the depth, and µ is the 

dynamic viscosity, the subscripts ‘v’ and ‘l’ refer to the vapor and liquid phases, 

respectively. 

Conservation of energy is expressed by  

∂
∂t

[φρH + (1 − φ)ρrcrT] + ∇. (ρvHvuv + ρlHlu�l) = ∇. (λm∇T) 

(17) 

Where H is the specific enthalpy, λm is the effective medium thermal 

conductivity, and the subscript r refers to the rock; ρ and h without subscripts refers to 

bulk quantities. 

The equation describing salt conservation is given by: 

∂
∂t
φρx + ∇. (ρvu�vxv + ρlu�lxl) = ∇. (φρlD∇xl + φρvD∇xv) 

(18) 
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Where x is the bulk salinity and D is the diffusivity of salt. These equations are 

discretized and solved using a time marching scheme based upon the fully implicit finite 

volume method as described in Patankar [1980]. A derivation of the discretized forms of 

the above equations can be found in Lewis [2007], along with details regarding the time 

marching scheme, relaxation methods employed, and convergence iterations. 

Fluids from some vents at EPR 9°50´ N have chloride concentrations that are 

different from seawater, suggesting that sub-seafloor phase separation has occurred [Von 

Damm 2004]. Because previous results [Han, 2011] showed that the main circulation 

structure does not depend on whether the circulation is in the one-phase or two-phase 

regime and because my main interest is in the recharge component of the system, I 

performed simulations in the one-phase regime using a standard seawater salinity of 3.2 

wt% NaCl. 

I considered a two dimensional box of homogeneous permeable rock (Figure14) 

with a hydrostatic pressure of 25 MPa at the surface and a depth of 1.5 km to correspond 

to the depth of the AMC at EPR 9°50´ N. To insure simulations in the single phase-liquid 

H2O regime, I set a maximum bottom temperature of 405°C along 1 km of the base to 

correspond with the AMC, and then assumed a linear decrease in temperature from 

405°C to 300°C along the remaining 1 km of the base to simulate where deep recharge is 

expected to occur. The model geometry, permeability distribution, and boundary 

conditions are as shown in Figure 14. I employ upstream weighting at the top boundary 

so that ascending high-temperature fluid vents through the upper boundary of the box, 

whereas recharge fluid enters the box at the imposed temperature at z = 0. I performed 

simulations with permeabilities of 10-12, 10-13, and 10-14 m2 to show the effect of 
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permeability on the distribution of high-temperature venting and recharge (Figures 15, 16 

and 17). The results for K = 10-13 m2 likely best represent the situation at EPR 9°50´N, as 

discussed in Chapter 2, Table 1 and 2. 

(A) Results of 2-D simulations 

Figures 15, 16 and 17 show the results of FISHES simulations for permeability K 

= 10-12, 10-13, and 10-14, respectively. The Figures show that the number of the 

temperature plumes increases as K increases. Similarly, the plumes become narrower 

with increasing K. Higher permeability also results in higher fluid velocities, thus the 

plumes reach the surface faster as permeability increases. Although the simulations keep 

evolving with time, the plume structure and the temperature fields do not change greatly. 

Comparison of Figure 16 and  19, which show the simulation with the permeability of 10-

13 after 50 years and 100 years respectively, suggests that the plume closest to the 

recharge decays over time. This plume could be thought to represent TWP which was 

reported inactive in 2003 [Tolstoy et al 2008]. For analysis of anhydrite precipitation I 

will use this simulation. 

These simulations were implemented in a single phase environment, but the 

results of a similar simulation in a two phase flow regime are not much different (Figure 

18). So we can argue that even if the recharge zone is in a 2-phase environment, we can 

rely on the results of the single phase simulations. 
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Figure 14: Schematic of the initial model setup for simulations using the numerical model 
FISHES. We assume a hydrostatic pressure of 25 MPa on the seafloor, a temperature difference 
of 400˚C between the top and the bottom. The AMC is 1.5 km across [Tolstoy et al, 2008] 

 
Figure 15: Evolution of temperature plumes after 50 years in a single phase simulation with 

permeability of 10-12 m2 with a node spacing of 25 m. 
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Figure 16: Evolution of temperature plumes after 30 years in a single phase simulation with 
permeability of 10-13 m2 with a node spacing of 25 m. 

 
Figure 17: Evolution of temperature plumes after 195 years in a single phase simulation with 

permeability of 10-14 m2 with a node spacing of 25 m. 
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Figure 18: Temperature plumes after 40 years from a 2 phase simulation using FISHES with 
a seafloor pressure of 25 MPa, Maximum bottom temperature of 450 °C, a permeability of 10-13 
m2, a system depth of 1.5 km, and a magma chamber half width of 500 m. Having a two phase 
flow does not necessarily affect the circulation and anhydrite precipitation [Han, 2011].  
 

 

Figure 19: Evolution of temperature plumes after 100 years in a single phase simulation with 
permeability of 10-13 m2 with a node spacing of 50 m. Note that the closest plume to the recharge 
has died, which can refer to TWP vent that was recorded inactive in 2003 by Tolstoy.  
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Figure 17 is from a simulation with similar initial set up compared to Figure 16, 

but with a node spacing of 50 m. The simulations with higher node spacing runs faster 

but the location and number of temperature plumes is different. So we use the simulations 

from the lower node spacing as a better reference with a higher resolution. 

(B)            Anhydrite precipitation in the 2-D model 

As pointed out in section 3.2, the one-dimensional models show that anhydrite 

precipitation seals the recharge zone very rapidly. In two dimensional models, however, 

the zone of anhydrite precipitation is potentially much more extensive. Figure 18 shows 

the temperature plume structure of a 2d model, with the potential location of anhydrite 

precipitation in white. As the color bar shows, the blue zone is the low temperature zone 

where recharge occurs. On the right hand side, where deep recharge takes place, the 

150°C isotherm is depressed towards the bottom of the system.  This depression is a 

result of recharge and anhydrite precipitation will occur where the 150°C isotherm starts.  

Figure 20 shows the same simulation from the previous section (Figure 16) after 

15 years. Note the width of the potential anhydrite precipitation zone is around ~500 m 

and it is located halfway through the depth of the system.  

After the simulation has developed over time and has reached a quasi-steady state 

(Figure 21), the depression of the 150°C isotherm has developed more and on the far 

right hand side, the zone of anhydrite precipitation is quite narrow, similar to that in the 

1-D model. This zone does not pass all the fluid flow to feed the vents, however. As a 

result the fluid might change its path to pass through higher permeability zones. Less 

depression of the 150°C isotherm, and broadening of the region between 150°C and 



 44 

250°C isotherms, would occur because the maximum downflow velocities in the 2D 

simulation are much smaller than the 1d model. 

These results only show where the potential zone of anhydrite precipitation is 

located, the feedback of precipitation and the change in flow rate that results, have not 

been incorporated into the code yet. The rate of precipitation for each cell is dependent on 

the temperature gradient between the neighboring cells and the mass flux towards each 

cell. In regions where fluid is moving to higher temperatures between 150°C and 250°C, 

anhydrite will precipitate.  If for a specific cell in which anhydrite has precipitated the 

temperature decreases below 150°C over time, anhydrite will begin to redissolve. Thus 

some pore spaces may re-open for fluid flow. 

 

Figure 20: The separated color zone for temperatures 150°C to 250°C outlines the region of 
potential anhydrite precipitation, for a 15 yr old system. 
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Figure 21: The same simulation from Figure 16 after it has developed over 30 years. The 
separated color zone represents the location of potential anhydrite precipitation. 

 

3.4 Conclusions  

I have investigated hydrothermal recharge at EPR 9°50´N using parameters 

calculated in chapter 2. In the 1-D recharge model, I find rapid sealing by anhydrite 

precipitation even if the porosity were considered to be unity, which leads to investigate 

2-D models of hydrothermal recharge circulation. These models shows the zone of 

potential precipitation of anhydrite is more diffuse and hence that anhydrite precipitation 

might not stop the circulation. 

. If anhydrite precipitation was incorporated into the code, the location and width 

of the 150°C isotherm in Figures 20 and 21 would be different than shown, and the effect 

of anhydrite precipitation on the hydrothermal regime would become clearer. The 

microearthquakes that happen as a result of tectonic activity could unclog the some of the 
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pore spaces as well. The preliminary results of the 2-D model are not sufficient to 

determine whether the along axis recharge zone postulated by Tolstoy et al [2008] is 

sufficient to carry all the recharge, or whether off-axis recharge is required as well.  



 47 

Chapter 4: Recommendations and Future Work 

Mid ocean ridge hydrothermal systems have been extensively studied in the past few 

decades, but because of the complex interplay among thermo-elastic stresses, hydrofracturing, 

fluid flow, biogeochemical, and heat transport a rigorous understanding of the transient nature of 

these systems is still lacking. Certainly part of the difficulty stems from lack of key data. 

As noted in Chapter 2, estimates of hydrothermal heat output at the vent field scale are 

important to constrain models of crustal thermal balance, mass flow rate, crustal permeability, 

and conductive boundary layer thickness.  As noted in recent summaries of seafloor heat output 

data [Ramondenc et al., 2006; Baker 2007], these data are limited and contain large uncertainties.  

In addition, data on partitioning of heat output between focused and diffuse venting is even more 

scarce and imprecise. Better data on heat flux partitioning along with geochemical data from 

both high-temperature and nearby diffuse flow sites can provide key information on geochemical 

fluxes (e.g. hydrogen, carbon dioxide, methane), their partitioning between high temperature and 

diffuse flow, and utilization by  biota.  

Lack of data on hydrothermal recharge also limits the understanding seafloor 

hydrothermal processes.  Using numerical models such as FISHES can provide useful insights 

into recharge. Incorporating a model for anhydrite precipitation into the FISHES code is one of 

the important recommendations of this work. This will involve incorporating temperature and 

time-dependent permeability into FISHES by assuming a relationship between porosity and 

permeability and inputting a model for the solubility of anhydrite as a function of temperature to 

see how it seals porosity and hence how the permeability of the system evolves with time as 

anhydrite precipitates. This could help determine: (1) whether seismicity is required to keep 

recharge open or whether seismicity is simply circumstantial evidence of recharge and (2) 
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whether the seismically inferred recharge zone along axis is sufficient to explain the 

hydrothermal system at 9°50′ N or whether off-axis (three dimensional) recharge is also needed. 

Finally, it would be useful to formulate a mechanism whereby seismicity data could be used to 

estimate rates and scales of crack generation and openings of new flow paths as anhydrite seals 

old ones. 
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