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Cover Picture: Hydrothermal convection plumes in the oceanic crust in a system below the seafloor located at 

1500m depth, 165 years after the start of the numerical simulation. 
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Abstract. Circulation of hot hydrothermal fluids in fractures and faults of the oceanic crust is driven by tempera-

ture and pressure gradients. Fluid discharge is focused to vertical structures, black or white smoker chimneys on the 

seafloor. Hydrothermal vent temperatures should hypothetically be directly related to water depth. The boiling 

point of sea water increases with depth and ends at the critical point, ~298.5 bar and ~407°C, which equals a sea-

floor depth of ~3000m. As most vent fields are located at a shallower depth, fluid temperatures are expected to fol-

low the boiling curve during ascend to the seafloor. Aim of this work is to identify regions of hydrothermal activity 

that follow or do not follow the boiling curve as well as explanations for possible deviations. Moreover it is aimed 

to make predictions on hydrothermal activity in regions, where no vent systems have yet been discovered. 

In this work, predicted vent temperatures are computed from bathymetry data and the Equation of State for sea-

water (3.2% NaCl) and compiled into maps and diagrams. Poor correlation between prediction and global vent tem-

peratures monitored on the seafloor show that those cannot be directly calculated from the boiling curve. All vent 

fluid temperatures lie in subcritical regions, most below the boiling curve. Higher than expected vent temperatures 

are rarely found. 

In order to examine physical processes that could explain the discrepancy between measured and predicted vent 

temperatures, a numerical model for porous convection in submarine hydrothermal systems with a finite element 

formulation for 2D compressible fluid flow is developed in Matlab. The model simulates the evolution of hydro-

thermal circulation in a cross sectional area along a Mid Ocean Ridge axis with a bottom heat source of 1000°C 

located 1000m below the sea floor. Modeled vent temperatures for various depths agree well with the boiling curve, 

which confirms it as an upper temperature boundary. Moreover, the simulations demonstrate that a bottom heat 

supply of a decreased temperature (300°C – 800°C) results in significant lower than predicted vent temperatures. 

Also mixing of hot hydrothermal fluids with different amounts of cold seawater in the oceanic crust near the sea-

floor can explain temperature deviations below the boiling curve. The major part of compiled vent temperatures 

below the boiling curve can be explained by mixing with up to 40% seawater. 

Calculations from global conductive heat flow data imply a high possibility of submarine hydrothermal activity in 

the southern hemisphere of all three major oceans: on the Southern Mid-Atlantic Ridge, the entire South-Eastern 

Indian Ocean Ridge as well as on the South-Western East Pacific Rise. 
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Sammanfattning. Cirkulationen av heta hydrotermala lösningar i sprickor och förkastningar i oceanskorpan drivs 

av temperatur- och tryckgradienter. Utflödet på havsbotten fokuseras till vertikala strukturer, s.k. svarta och vita 

rökare. Den hydrotermala lösningens temperatur ska hypotetiskt kunna relateras direkt till vattendjupet. 

Havsvattnets kokpunkt ökar med djupet till dess att kokpunktskurvan slutar vid den kritiska punkten, ~298.5 bar 

och ~407°C. Detta motsvarar ett djup av ~3000m. Eftersom de flesta utflödesområden ligger på mindre djup, antas 

lösningarnas temperatur följa kokpunktskurvan på sin väg mot havsbotten. 

Prognosticerade utflödestemperaturer är i detta arbete beräknade från batymetriska data och kokpunktskurvan för 

havsvatten (3.2% NaCl) och därefter sammanställda till kartor och diagram. Korrelationen mellan prognosticerade 

och uppmätta globala utflödestemperaturer är dålig och visar att de senare inte kan förutsägas direkt från 

kokpunktskurvan. De flesta uppmätta temperaturerna ligger i det subkritiska området under kokpunktskurvan. 

Högre temperaturer än förväntat hittas sällan, inga når överkritiska förhållanden. Arbetets syfte är att identifiera 

regioner av hydrotermal aktivitet som följer eller som inte följer kokpunktskurvan samt att hitta förklaringar till 

möjliga avvikelser. Dessutom syftar arbetet på att förutsäga hydrotermal aktivitet i regioner där den inte har hittats 

än. 

En numerisk modell för porös konvektion i submarina hydrotermala system har utvecklats i Matlab för att studera 

de fysikaliska processer, som kan förklara diskrepansen mellan mätta och förutsagda utflödestemperaturer. 

Modellen är en finita-element modell i 2D för kompressibelt flöde. Den undersöker utvecklingen av den 

hydrothermala cirkulationen i en tvärsnittsyta av en mittocean rygg med en 1000°C värmekälla belägen 1000m 

meter under havsbotten. Modellerade utflödestemperaturer för olika djup stämmer väl överens med 

kokpunktskurvan och bekräftar att denna är en övre temperaturgräns. Dessutom demonstrerar simuleringarna att en 

värmekälla med lägre temperatur (300°C – 800°C) resulterar i signifikant lägre utflödestemperaturer. Även 

blandning av varma hydrotermala lösningar med olika mängder av kallt havsvatten i oceanskorpan nära hasvbotten 

kan förklara temperaturavvikelserna. Majoriteten av de undersökta utflödestemperaturerna, som ligger under 

kokpunktskurvan, kan förklaras med inblandning av upp till 40% havsvatten. 

Beräkningar från globala konduktiva värmeflödesmätningar tyder på en hög sannolikhet för submarin hydrotermal 

aktivitet i alla stora oceaner på den södra hemisfären: på den södra Mittatlantiska Ryggen, hela sydöstra ryggen i 

Indiska oceanen och på sydvästra East Pacific Rise. 
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1 Introduction & Aim 
Economically interesting minerals and metals are situ-

ated at the seafloor of active plate margins around the 

globe. Submarine hydrothermal activity is intimately 

related to the formation of such Submarine Massive 

Sulphide (SMS) deposits. Exceptional high ore grades 

of up to 6.7 ppm Au and 1000 ppm Ag for precious 

metals have been reported locally (Herzig and Han-

nington, 1995). Active black and white smokers are 

primarily studied at Mid Ocean Ridges (MORs). Hot 

hydrothermal fluids, enriched with dissolved minerals 

and metals are expelled with high flow rates of up to 

meters per second, at these submarine hot springs 

(Spiess et al, 1980). The contact of hot hydrothermal 

fluids with cold seawater causes dissolved metals to 

precipitate sulfide minerals around the vent chimneys 

as well as to deposit metalliferous sediments on the 

seafloor around the vent sites (e.g. Marques et al., 

2007). In the close future, the first submarine SMS 

deposits will be mined outside Papua New Guinea by 

Nautilus Minerals (Nautilus Minerals, 2010). If sub-

marine ore deposits will become long scale future ore 

resources for mankind it is crucial to understand con-

trolling mechanism increasingly detailed as well as to 

accomplish a sustainable exploitation with least possi-

ble environmental impact (e.g. Herzig, 1999; Rona, 

2008).  

 Sighting of the first active vent sites with a 

manned submersible was in the late 1970‟s (Corliss et 

al., 1979; Spiess et al., 1980). Thus, research of sub-

marine hydrothermal systems is still rather young and 

many fundamental questions remain to be answered. 

Direct investigations of hydrothermal vent sites with 

deep diving instruments are powerful tools for data 

collection which now become increasingly precise. 

Disadvantages are high costs and time. A complemen-

tary way of learning about hydrothermal processes in 

the oceanic crust is to create numerical models. From 

modeling we can learn about fundamental thermody-

namic processes of hydrothermal fluid convection be-

neath the seafloor. Mechanisms that directly control 

mineral and metal deposition around vent sites at the 

seafloor like fluid flow, heat and mass flux as well as 

flow pattern can be simulated (e.g. Coumou et al., 

2008; Schardt and Large, 2009).    

 Fluid temperature is a key factor that controls 

the possible amount and type of dissolved minerals 

carried in hydrothermal fluids. Vent temperatures 

should hypothetically be directly related to water 

depth. The boiling point of sea water increases with 

depth and the critical end-point is at ~407°C and  

~298.5 bar, which approximately corresponds to a 

depth of ~3000m (Bischoff and Rosenbauer, 1988). As 

practically all known vent fields are located at shal-

lower water depth, boiling should have a major control 

on vent temperatures. Rising hot and potentially super-

critical hydrothermal fluids are expected to follow the 

boiling curve on their way up to the seafloor, so that 

the vent temperatures should equal the predicted boil-

ing temperature of seawater. 

Aim 

This work aims at constraining the relationships be-

tween water depth and vent temperatures of submarine 

hydrothermal systems on a global scale. Key objec-

tives of this project are: 

 

 to give a background on submarine hydrothermal 

processes and associated mineral deposits 

 to identify seafloor hydrothermal vent fields that 

follow or do not follow the described relationship 

between water depth and vent temperature  

 to find explanations for vent temperatures to devi-

ate from the boiling curve 

 to make predictions on vent temperature and loca-

tion in settings, where no vent systems have yet 

been found 

Answers to these questions are achieved by compila-

tion of available vent field data on location, tectonic 

setting, and temperature into global maps and dia-

grams. Predicted vent temperatures at plate boundaries 

are computed from global bathymetry data and the 

Equation Of State (EOS) for seawater and then com-

pared to vent data observed on the seafloor. A 2D fi-

nite element numerical model for porous convection is 

developed in Matlab. The model simulates the evolu-

tion of hydrothermal circulation in the oceanic crust 

and is used to study physical processes that may lead 

vent temperatures to deviate from the boiling curve. 

 

 
2 Background 
As Lowell et al. stated in 1995, the research on subma-

rine hydrothermal systems is young compared to other 

areas of geosciences. It is an interdisciplinary field 

with fast scientific progress, which both makes it an 

attractive and challenging topic to study.  

 A lot of information is available on hydrother-

mal systems located at MORs, where new oceanic 

lithosphere is being produced under extensional tec-

tonic conditions, (e.g.Coumou et al., 2008; Marques et 

al., 2007; Wilcock and Delaney, 1996). Such thermal 

springs are also found on volcanic arcs associated with 

subduction zones as e.g. on the Mariana Arc (Resing et 

al., 2007) and in hot-spot related settings, e.g. on Ha-

waii (Fig.1). Submarine hydrothermal circulation is 

efficient in transporting energy and mass through the 

interface between oceanic crust and the ocean. It is 

estimated to be responsible for ~30% of the global 

heat transport through the ocean floor (Hutnak et al., 

2008; Lowell et al., 1995). Moreover circulating 

hydrothermal fluids at mid-ocean ridges are calculated 

to stand for ~25 % of Earth`s total heat loss from the 

interior (Coumou et al., 2008; Lowell et al., 1995). 
 Except that studying submarine hydrothermal 

systems reveals many answers on fundamental ques-

tions in various areas of geosciences, society can di-

rectly benefit from it. A strong motivation to investi-
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gate the character of these systems is their intimate 

connection to the formation of Volcanic Massive Sul-

phide (VMS) ore deposits. An essential part of the 

base and precious metals produced today are mined 

from VMS deposits on land (Herzig, 1999). Numerous 

questions about Submarine Massive Sulphide deposits 

(SMS) regarding e.g. ore grades, distribution, eco-

nomical feasibility, environmental impacts and mining 

techniques yet remain unanswered.   

 In the following, first an outline on the scien-

tific advances leading to the discovery of submarine 

hydrothermal activity will be given in 2.1. Definition 

and fundamental mechanisms of submarine hydrother-

mal systems will be described in 2.2. SMS deposits 

and their potential as future ore resource for society 

will be sketched in 2.3. Section 2.4 evaluates con-

straints of the EOS for seawater on hydrothermal sys-

tems. In the final background section  investigation 

methods for submarine hydrothermal systems will be 

outlined briefly as well as different mathematical mod-

eling approaches (2.5). 

 

 

2.1 Discovery of seafloor venting 
The first sighting of submarine hydrothermal vent sites 

in the late 1970‟s at the Galapagos Rift (Corliss et al., 

1979) and the East Pacific Rise (Spiess et al., 1980) 

was a remarkable step for many fields of marine sci-

ences. Like for many outstanding scientific findings, 

the discovery of black  (Fig. 2a) and white (Fig. 2b) 

Fig. 1. Global hydrothermal vent sites discovered until today in various tectonic settings with their exclusive economic zones 

and major Mid Ocean Ridges and subduction trenches associated with volcanic arcs (InterRidge, 2010). 

(e.g. Mitra et al., 1994) smokers on the ocean floor 

shed some light on many, until then, unresolved ques-

tions but simultaneously generated most likely even 

more new ones. Areas to be named that gained a lot of 

new insights through the discovery of hot springs in 

the deep sea are e.g. biology and chemistry: excep-

tional faunal communities have been monitored 

around the vent chimneys that utilize chemosynthetic 

processes in order to survive in the deep ocean far 

away from any source of light (Lowell et al., 1995). 

Taking into account the large quantity of heat expelled 

into the ocean by hydrothermal venting it was now 

possible to make more accurate global heat flux esti-

mates (Hutnak et al., 2008). The detection of active 

submarine volcanism at oceanic spreading centers also 

updated the understanding of plate tectonics and its 

driving forces as e.g. mantle convection processes 

(Wilcock, 1998). Moreover until the discovery of sub-

marine hydrothermal systems, VMS deposits were 

merely known and mined from sites on land. In the 

field of ore geology a new understanding about the 

origin of VMS deposits could be derived from the dis-

covery of submarine hot springs. For applied geology, 

the detection of submarine VMS deposits associated 

with hydrothermal vents thus meant an enormous step 

in the assessment of marine ore deposits and their eco-

nomic potential (Herzig and Hannington, 1995).  
 In their paper published in 1995, Lowell et al. 

reviewed in detail the development of scientific ad-

vances that resulted in the discovery of submarine 
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of an aging and cooling oceanic plate created at a 

MOR (Sclater et al., 1971), lead to first speculations 

about the connection between heat flow, mantle con-

vection and later even about fluids that circulate 

through the oceanic crust. Crustal depth and age of the 

seafloor were used as proxies for heat flow. It soon 

became clear that predictions made by heat-flow cal-

culation did not fit the conductive heat flow data ac-

quired from the seafloor. Conductive heat flow meas-

ured in a certain distance of MORs was always too 

low. Talwani et al. in 1971 were one of the first to 

suggest that this incongruity might be explained by 

seawater circulating through the oceanic crust, causing 

advective heat loss. They present heat flow anomalies 

in certain distances to the ridge axis monitored through 

geophysical surveys on Iceland. A detailed study on 

the thermal balance of the Juan de Fuca Ridge was 

published in the following year by Lister (1972). There 

it is explicitly stated that circulating hydrothermal flu-

ids have much greater influence on the thermal balance 

of MORs than conductive cooling processes. Lister 

(1972) also stated that hydrothermal springs were ex-

pected to be found at ridge crests.  

 In the late 1960- early 70‟s other research was 

done which indirectly can be linked to the subsequent 

discovery of seafloor hydrothermal systems. This is 

sketched by Lowell et al. (1995): ophiolites, ancient 

thermal springs on MOR crests in the end of 1970. It 

was a complex interplay of insights from various fields 

of geosciences that lead to the final discovery. Early 

evidence was indirect, coming from e.g. calculations 

of heat flux through the ocean floor in the mid- to end 

1960‟s. About a decade later the first submarine 

hydrothermal vent sites were sighted with geophysical 

investigation methods and deep-diving research ves-

sels.  
 

Indirect evidence for submarine hydrothermal activity 

An odd incidence might have impeded a much earlier 

discovery of submarine hydrothermal activity at the 

ocean floor. The very first indication of thermal 

springs in the deep ocean can be traced back to as 

early as 1948. During the Swedish Deep-Sea Expedi-

tion with the research vessel „Albatross‟ (Pettersson, 

1948), anomalous temperatures and salinities were 

monitored in the Red Sea. Yet, at that time this was 

overlooked because geologist G. Arrhenius, it is said, 

was off board to his marriage in Stockholm. Not until 

much later, in the 1960‟s, the Red Sea anomalies were 

noticed and reinvestigated on transit during the Inter-

national Indian Ocean Expedition (Deacon, 1960; Dea-

con, 1964). 

 Lowell et al. (1995) portray how conductive 

heat flow studies of the seafloor coupled with models 

Fig. 2a top left. Black smoker hydrothermal site with 350°C 

exiting fluids that are highly enriched in minerals and metals, 

at 2600m seafloor depth on the East Pacific Rise 21N°, moni-

tored in 1979 with Alvin (Herzig, 2003). 

Fig. 2b top right.. White smoker chimneys at 1700m depth in 

the Lau basin outside of Tonga in the South Pacific, monito-

red with the french deep diving vessel Nautilus. The exiting 

hydrothermal fluid is enriched in light mineral phases like 

barite, anhydrite and SiO2 (Herzig, 2003). 

Fig. 2c left.  Diffuse low temperature vent site with 21°C 

warm exiting hydrothermal fluid, monitored with the american 

deep diving vessel Alvin on the Northern East Pacific Rise 

during the Endeavour-Axial Geochemistry & Ecological Re-

search cruise. Also some white, worm-like vent organisms can 

be seen (EAGER, 2009). 
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oceanic crust emplaced on the continents by plate tec-

tonic processes (e.g. Gomez Barreiro et al., 2010) were 

investigated in the field (e.g. in Oman and on Cyprus), 

water-rock interactions were studied in the laboratory 

as well as mineralogy and chemistry of altered sea-

floor basalts and metalliferous sediments were exam-

ined. 

 

Direct evidence - discovery of the first vent sites 

Most effective strategies for exploring submarine 

hydrothermal systems are surveys starting from a re-

gional scale and moving towards more local investiga-

tions later on. Nevertheless, early detection of active 

hydrothermal fields, which later lead to sighting of the 

first vent sites, contained a large moment of chance 

(Lowell et al., 1995). During the 1960‟s, the Red-Sea 

hydrographical anomalies that randomly had been 

monitored in 1948 (Pettersson, 1948), were reinvesti-

gated. Hydrothermal brines containing suspended min-

erals and metals were detected as well as metalliferous 

sediments deposited in basins along the ridge axis. By 

that time hydrothermal activity was still believed to be 

an exceptional feature at that specific locality, linked 

to an early stage of ocean basin opening (Lowell et al., 

1995). During a Transatlantic- Geotraverse project in 

the early 1970‟s another active hydrothermal field 

(TAG-field) was discovered on the Mid Atlantic Ridge 

(MAR) at 26°N by chance, through the recovery of 

low temperature hydrothermal minerals by dredging 

on the seafloor. This was followed by measurements 

of anomalous water temperatures at the same locality 

(Rona, 1978). In the same period hydrothermal activity 

was discovered at the Galapagos Spreading Centre 

(Weiss et al., 1977) and the East Pacific Rise (EPR) 

(Larson and Spiess, 1968) by deep-tow sonar tech-

nique.  When hydrothermal vent sites were still not 

localized, Weiss et al. (1977) were able to proof the 

existence of buoyant hydrothermal plumes at the Gala-

pagos Rift. These were recognized as seawater dis-

charging from fissures in the young oceanic crust, a 

few meters above the oceanic spreading axis. Also a 

strong helium anomaly, characteristic for hydrother-

mal brines, was detected during the investigation of 

hydrothermal plumes at the Galapagos Rift (Lupton et 

al., 1977). They proved the existence of fluids with a 

very high 3He/4He ratio which can be explained by 

hydrothermal circulation processes which transport 
3He from the mantle to deep ocean water. Based on the 

findings at the Galapagos Rift a research diving pro-

ject with a manned submersible was planned.  

 In 1979, during 24 dives with the submersible 

Alvin, Corliss et al. sighted four low-temperature sub-

marine thermal springs on the Galapagos Rift. The 

dives were documented by pictures taken with a towed 

camera as well as samples of rock and hydrothermal 

fluids. Corliss et al. (1979) describe how a shimmer-

ing, milky white fluid could be observed just above the 

seafloor, rising from openings in the bottom pillow 

lava. This showed to be warm hydrothermal fluids 

venting at maximum temperatures between 10° - 17° C 

along the axial ridge. The rising hydrothermal fluids 

were mixing with the cold seawater with flow rates of 

2-10 cm/sec. The vent sites occurred at depth of about 

2500m and are described as being roughly circular 

with a dimension of 30 – 100m in diameter. Hydro-

thermal plumes were monitored up to 150m above the 

vent sites, were temperature anomalies of 0.1°C could 

still be detected. Also sulfide containing mounds of 

hydrothermal mineral deposits in sediment covered 

areas south of the ridge axis were examined. Moreover 

extraordinary biological communities were discovered 

around the hot springs: these are able to survive in the 

absence of light using the energy from water-rock in-

teractions and chemosynthetic bacteria.   

 A year after the expedition by Corliss et al. 

(1979), another cruise was done were Alvin was oper-

ating and their findings could be confirmed. Beyond 

that, through various geophysical investigations, Spi-

ess et al. (1980) proved the existence of submarine 

springs, venting fluids of much higher temperatures 

than the previously known warm springs. At the East 

Pacific Rise ridge axis north of the Galapagos Rift 

they sighted hot fluids (380°C +/- 30°C) loaded with 

dark metallic matter, escaping from black chimneys at 

high speed of meters per second. They also found sul-

fide minerals distinctly zoned around the black smoker 

chimneys.       

 The exceptionally deepest vent at almost 

5000m depth at the seafloor on the Cayman trough in 

the Mexican Gulf was discovered recently, in July of 

2010 (Fig. 1). Until today ~550 active hydrothermal 

vent sites have been listed (Fig.1) (InterRidge, 2010). 

An excellent overview of until now discovered hydro-

thermal vent sites on the seafloor can be gained from a 

global vent data set available from the InterRidge data-

base (InterRidge, 2010). The data set can be loaded 

with Google Earth, so that detailed information about 

vent location, temperature and discovery can be ex-

plored interactively. 

 

 

2.2  Fundamental characteristics of sub-
marine hydrothermal systems 

An area of hot or warm fluids, circulating below 

Earth‟s surface in both lateral and vertical direction is 

called a hydrothermal system (Pirajno, 1992). This 

basic definition can naturally be extended to levels of 

higher complexity, dependent on what is required in 

each context. Hydrothermal systems mirror a complex 

interplay of different components, which is challeng-

ing to present in simplified models. Here, nature and 

fundamental processes of sub-seafloor hydrothermal 

systems, mainly at MORs will be addressed with a 

focus on associated mineral deposits. 

 

Fundamental processes 

 The two most essential components of hydrothermal 

systems are: a heat source and a fluid phase (Pirajno, 

1992). At MORs, new oceanic lithosphere is produced 

by igneous and tectonic processes with the magma 
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Spatial dimensions 

Spatial dimensions of hydrothermal fields and associ-

ated features are highly variable. Systems are reported 

from a wide range of depths: a mean depth of around 

2km is common, but systems are also found at shal-

lower depth of <100m close to continental platforms 

(Suárez-Bosche et al., 2005) and as deep as 4km, 

which exceeds the depth for critical boiling conditions. 

Hydrothermal vents are roughly circular with a dimen-

sion of tens of meters in diameter, about 30 – 100m 

(e.g. Corliss et al., 1979). Black and white smokers 

mostly occur in fields consisting of several vent sites. 

The discharging chimneys are often arranged in a 

chain (e.g. Fig. 2b) (e.g. Coumou et al., 2008). In the 

review paper of Lowell et al. (1995), vent field areas 

are listed with a size ranging from 3×103m2 to 105m2. 

They also describe varying heights for the chimneys of 

~20-45m. Venting is focused to narrow openings of a 

few cm. Convection cells extend laterally to several 

km, seawater can penetrate down to 5-10km (Kuehn, 

2004). The time between a fluid entering and being 

discharged from a hydrothermal system  is estimated 

to only a few years (Pirajno, 1992). The thermohaline 

circulation of the ocean system is affected by hydro-

thermal plumes rising hundreds of meters above active 

vent sites and spreading up to thousands of kilometers 

in a lateral direction (Suárez-Bosche et al., 2005). 

chamber at depth being the heat source that drives 

hydrothermal circulation. The fluid phase is domi-

nantly derived from seawater (e.g. Fornari and Em-

bley, 1995). Circular convection of hydrothermal flu-

ids is driven by heat and pressure gradients causing 

cold, dense fluids to migrate downwards, be heated at 

depth to become more buoyant and rise back towards 

the surface (Fig. 3). A discharge and a recharge zone 

can be found (e.g. Alt, 1995; Hannington et al., 1995). 

In submarine systems, fluid discharge is focused on 

vertical structures, black or white smoker chimneys, 

located in the axial region or at the flanks of MORs. 

This correlates to discharge features in form of e.g. hot 

pools or geysers of hydrothermal systems on land 

(Suárez-Bosche et al., 2005). In seafloor-systems, fluid 

recharge takes place in form of seawater traveling 

down several km into the oceanic crust along high 

permeability pathways like faults and fractures (e.g. 

Alt, 1995; Pirajno, 1992). 

 The temperature of fluids exiting at active vent 

sites is a characteristic parameter for the classification 

of hydrothermal systems. Fornari and Embley (1995) 

distinguish low-T systems with temperatures of 

<200°C and high-T systems of 200°C - 400°C.  

Fig. 3. Fundamental features and processes of submarine 

hydrothermal systems. Temperature and pressure gradients 

between the heat source and the seafloor drives hydrothermal 

fluid circulation (WHOI, 2010). Temporal evolution 

The birth of a new hydrothermal system is 

still not very well understood. Seafloor 

hydrothermal venting might start with a 

sudden displacement of a large hydrother-

mal plume related to increasing volcanic 

activity along the axial rift (Hannington et 

al., 1995). A single submarine vent typi-

cally undergoes different stages of venting, 

in which vent fluid temperature and vent-

ing style vary (Fig. 2a-c) (Hannington et 

al., 1995; Pirajno, 1992). Both can vary 

significantly depending on e.g. tectonic 

setting and seafloor spreading rate. A 

young hydrothermal system often begins 

with diffuse, low-temperature venting 

(<10°C-50°C) (Fig. 2c) that slowly trans-

forms into a white smoker. Fluid tempera-

tures between about 100°C and 300°C are 

favorable for white smoker hydrothermal 

activity. During continuous hydrothermal 

discharge the fluid pathway becomes suc-

cessively more sealed with precipitated 

hydrothermal minerals. This leads to a 

more focused and narrow fluid channel 

which prevents the hot, rising fluids from 

extensive mixing with colder seawater until 

the system has evolved into a high tem-

perature, black smoker (Fig. 2c) (Pirajno, 

1992). Diffuse hydrothermal flow can also 

occur in the final stage of black- smoker 

venting just prior to its collapse and at mar-
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below the seafloor and between 1 and 3km at interme-

diate to fast-spreading ridges (Pirajno, 1992). It has 

been suggested that mineral deposits at slow- spread-

ing ridges are of greater volume than at faster ones 

(Pirajno, 1992). In slow-spreading settings, deposits 

are exposed to hydrothermal alteration under a longer 

period (103-104 years) than in faster ones (10-100 

years) (Fornari and Embley, 1995). This could result 

in a larger volume of the mineralization. Fornari and 

Embley (1995), however state that this connection is 

still controversial. In their paper a detailed review of 

type examples of hydrothermal systems at different 

spreading rates can be found.   

 Preservation of fossil hydrothermal systems is 

rare because oceanic crust is consumed at convergent 

plate boundaries (Kuehn, 2004). Nevertheless, rem-

nants of once active hydrothermal systems emplaced 

on land can be found in form of ophiolites e.g. in 

Oman, Cyprus or Northwest Spain (e.g. Gomez Bar-

reiro 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 

(Pirajno, 1992). 

 

 

2.3 Seafloor sulphide deposits 
Active submarine hydrothermal processes are efficient 

in the formation of sulfide mineral deposits at the sea-

floor. Fundamental factors that control hydrothermal 

mineral formation like fluid chemistry will be ad-

dressed in the following sections as well as aspects of 

SMS deposits as a potential future ore resource for 

society.  

 

Fluid chemistry & further controls on hydrothermal  

mineral formation 

Besides temperature, another fundamental characteris-

tic of seafloor hydrothermal systems is the chemical 

composition of the circulating fluids (e.g. Hannington 

et al., 1995). Through the extensional movement at a 

divergent plate boundary, fractures, high permeability 

pathways, are produced which allow cold bottom sea-

water to penetrate down into the oceanic crust. During 

contact with the rocks, the seawater becomes not only 

heated but also chemically changed. When transported 

through rocks of oceanic crust, hydrothermal fluids 

react to become enriched in dissolved minerals and 

metals (Fig. 3). In the contact with cold seawater the 

fluid is quenched and sulfide phases are precipitated at 

the inner chimney wall (Hannington et al., 1995) (Fig. 

4). Dependent on temperature and chemistry of the 

fluid, different hydrothermal minerals are precipitated. 

Mineral zoning from the outside to the inside of the 

vent chimney displays increasing temperature (Fig. 4a 

and b) (e.g. Herzig, 1999; Pirajno, 1992; Robb, 2005). 

Hydrothermal solutions have different solubility for 

different elements: a measure of the possible amount 

of metals dissolved in the fluid (Robb, 2005). Tem-

perature has a major influence on solubility and type 

of metal-ligand complexes carried in a fluid.   

gins of active high-T fields. Because of its moderate 

temperature, diffuse venting is associated with a di-

verse biological community and less with hydrother-

mal mineral precipitation (Hannington et al., 1995). 

Only small and unstable chimneys might form, that 

consist of Fe-oxides and silica.  

 White smokers (Fig. 2b) might be an early fea-

ture of a hydrothermal system or the result of mixing 

with colder seawater at certain vent sites. The charac-

teristic light color comes from ions of white silica, 

anhydrite and barite in the exiting fluid (Hannington et 

al., 1995). Flow rates are commonly centimeters per 

second (Pirajno, 1992). Black smoker activity com-

monly occurs at temperatures >300°C. A black cloud 

of dissolved minerals and metals is vented at high flow 

rates of meters per second (Pirajno, 1992). Black and 

white smokers often occur in the same vent complex. 

Chimneys can grow with a rate of several centimeters 

per day. The average life time for a single chimney is 

about 10 years, during which ~3×1010 kg of fluid is 

vented (Pirajno, 1992). Chimneys commonly grow on 

hydrothermal mounds. When active venting ceases, 

the chimney slowly collapses to become incorporated 

into the larger mound structure. During this process, 

most primary chimney texture and minerals are re-

placed by hydrothermal alteration products. Large sul-

fide deposits found on the seafloor are often composed 

of several hydrothermal mounds (Hannington et al., 

1995). 

 

Hydrothermal systems & Tectonic setting 

Hydrothermal activity is intimately related to plate 

tectonics (Herzig and Hannington, 1995). It has been 

intensively studied at divergent plate boundaries in the 

ocean, where hydrothermal vents sites are located at 

the crest of MORs (Fig. 1). There, new oceanic litho-

sphere is produced by igneous and tectonic processes. 

Hydrothermal activity is also found at convergent mar-

gins, where vent sites are situated in a back-arc setting 

of a subducting plate e.g. at the Mariana Trough (Fig. 

1) (Resing et al., 2007).    

 The magma chamber at depth is the heat source 

creating the temperature gradient that drives hydro-

thermal activity (e.g. Alt, 1995). The large discrepancy 

between maximum vent temperatures of approxi-

mately 350°C to 400°C and the temperature of the 

magma chamber of about 1.200°C already mentioned 

in Lowell et al. (1995) is still not fully understood 

(Jupp and Schultz, 2000). Fluid temperatures inside a 

convective hydrothermal system can exceed 500°C 

(Pirajno, 1992).     

 The rate of seafloor-spreading and stage of 

ocean-basin opening has a major influence on the style 

of hydrothermal activity and as a consequence on 

character and size of submarine hydrothermal mineral 

deposits. A fundamental difference between hydro-

thermal systems at slow (<2cm/year; full spreading 

rate) and fast spreading ridges (>2cm/year) is the 

depth to the magma chamber:  at slow-spreading rates 

the magma chamber is located between 3 and 10km 
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Other controlling variables are oxidation state, fluid 

composition and to a smaller extent pressure. In order 

to form a mineral deposit, the metals need to be ex-

tracted from the solution and concentrated in a part of 

the Earth‟s crust (Robb, 2005). This is accomplished 

through various precipitation mechanisms, which re-

duce solubility and in that way make metal-ligand 

complexes unstable. Precipitation of sulfide minerals 

occurs under oxidizing, pH decreasing conditions.  

Also the character of chemical buffering as well as 

oxygen and sulfur fugacity are critical (Hannington et 

al., 1995; Robb, 2005). Chemistry of hydrothermal 

solutions is intimately related to the rock type, through 

which the fluids are circulating. Bulk composition of 

hydrothermal deposits can directly be related to the 

source rock from where the metals were leached. At 

MOR systems e.g. Cu, Fe and Zn are derived from 

sulfides and ferromagnesian minerals in basaltic rocks 

(Fig. 3) (Hannington et al., 1995).    

 Another process that seems to be of major im-

portance for the formation of sulfide minerals around 

hydrothermal vent sites is so called biomineralization. 

Vent organisms have the potential to chemically inter-

act with expelled metals. Certain bacteria e.g. have the 

capacity to use energy derived from chemical reactions 

with H2S from the hydrothermal fluids or from re-

duced metals at sulfide mineral surfaces (Hannington 

et al., 1995). Its precise role in the formation of miner-

als at hydrothermal vent sites still requires further re-

search. Biomineralization holds important keys on 

evolutionary questions and even on the origin of life 

itself (Robb, 2005). 

 

Submarine sulphide deposits as potential ore resource 

Simultaneously with the discovery of the first subma-

rine hydrothermal vents, also the first associated 

hydrothermal mineral deposits were investigated. A 

massive Zn-Cu-Fe sulfide deposit was discovered on 

the seafloor at the East Pacific Rise (EPR) by the 

CYAMEX- research team  (Francheteau et al., 1979). 

Along the ridge crest of the Galapagos Rift Mn-O, Fe-

Mn-O and  Fe-S rich deposits were studied by Edmond 

et al., (1979). Also metalliferous sediments at a dis-

tance to the active spreading ridge were studied at the 

EPR (Dymond et al., 1977). Submarine hydrothermal 

processes at MORs and in back-arc settings are seen as 

modern analogues for the formation of VMS deposits, 

hosted by volcanic rocks and so called SEDimentary 

EXhalative deposits, SEDEX, which are hosted by 

sedimentary rocks and associated with rift settings 

(Herzig, 1999; Robb, 2005). VMS deposits on land are 

important for the global mining industry. They are 

exploited for base metals (Cu, Zn and Pb), precious 

metals (Au and Ag) and a number of special metals 

(e.g. In, Ga, Ge) (Herzig, 1999). Ore grades of pre-

cious metals are locally high, up to 6.7 ppm Au and 

1000 ppm Ag in a number of mid-ocean ridge deposits 

and <50 ppm Au and 1.1 wt% Ag in massive sulfides 

from a backarc deposit have been found (Herzig and 

Hannington, 1995).           

 There are still many open questions regarding 

e.g. underwater mining techniques, impacts on the 

submarine environment or legal matters in case a po-

tential reserve is located in international waters. 

Herzig (1999) states under which ideal conditions min-

ing of marine ore deposits has the highest chance to be 

economically feasible: 

 

 when the ore deposit has high gold and base metal 

grades 

 the location of the potential mining site is close to 

land, i.e. within territorial waters of a coastal state 

(200 nautical mile Exclusive Economic Zone or 

even 12 nautical mile zone) and  

 the deposit is located at shallow water depth, not 

significantly exceeding 2km as it will be easier 

accessible with current mining equipment.   

Fig. 4a below to the left. Mineral zoning in the Trans Atlan-

tic Geotraverse (TAG) active hydrothermal mound: pyrite, 

chalcopyrite and anhydrite (Tivey, 2007). 

 Fig. 4b below to the right. Black smoker rock sample with 

chalcopyrite precipitated inside the chimney and sphalerite, 

pyrite and barite in the outer wall (Herzig, 2003). 
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Herzig (1999) also states that not much damage has to 

be done to submarine environments. It is comparable 

to problems that can occur during a construction of a 

large harbor facility. Mining of inactive hydrothermal 

sites will not affect vent fauna, as these only exist 

around active vents. The creation of sediment plumes 

of sulfide debris due to mining equipment has been 

considered as potential hazardous. Herzig (1999) states 

that sulfide particles have a high density (ca 4 g/cm3), 

which will cause them to redeposit fast. Furthermore a 

significant sediment cover is commonly not present 

around most SMS deposits. Rona (2008) in contrast 

points out the high costs and technical challenges of 

submarine mining and exploration. The operating cost 

to identify large volume ore deposits at under-water 

locations, including drilling to determine tonnage and 

ore grade might still not pay out economically. He also 

concerns about that SMS deposits, as all ore deposits 

are a non- renewable resource and need 1000‟s of 

years to form. Schardt and Large (2009) state that av-

erage sized SMS deposits might take ~5000 years to 

form, while supergiant deposits can need more than 

35.000 years to accumulate or especially high parts of 

metals in solution (at least 100 ppm). Additional to a 

long time period, also a high preservation potential is 

needed in order to build up large sulfide deposits, 

which potentially could be an ore resource at present. 

 
 
2.4 Equation of state of seawater  
For the evaluation of temperature and pressure of sea-

floor hydrothermal systems, it is important to under-

stand the specific behavior of seawater (NaCl-H2O) 

under varying physical conditions. Boiling is assumed 

to take place during transport of hydrothermal solu-

tions through the system. Further, properties of subma-

rine hydrothermal fluids are assumed to be comparable 

to those of seawater (Bischoff and Rosenbauer, 1988). 

As a consequence the Equation Of State of seawater 

(EOS) can be applied to seafloor hydrothermal sys-

tems. The EOS is a set of empirical equations that de-

scribes physical properties of seawater as e.g. fluid 

density ρ, specific heat cp, compressibility β, thermal 

expansivity α as a function of temperature and pres-

sure (Fig. 5). 

 The boiling curve for seawater was determined 

experimentally by (Bischoff and Rosenbauer, 1984; 

Bischoff and Rosenbauer, 1985; Bischoff and 

Rosenbauer, 1987; Bischoff and Rosenbauer, 1988) 

(Fig. 6). They found that properties of seawater agree 

well with those of pure water at subcritical conditions, 

which is until the critical end-point, but differ signifi-

cantly at supercritical conditions (Fig. 6). The two-

phase boundary shows temperatures of the boiling 

point of seawater at different pressures and stability 

fields of the liquid and vapor phase respectively (Fig. 

6). At ~407°C and ~298.5 bar, the two-phase boundary 

is restricted by the critical end-point (Bischoff and 

Rosenbauer, 1988). Beyond this point it is not possible 

to increase the boiling point through the increase in 

Fig. 5. Pressure and temperature dependend thermal 

expansivity α (Bischoff & Rosnebauer, 1985). 

pressure and phase separation no longer occurs. Now it 

is not possible to physically distinguish the two 

phases, liquid and vapor, anymore, e.g. there is no 

density contrast (Robb, 2005). Beyond the critical 

point only one phase, a so called supercritical fluid 

exists. The pressure at which the critical end-point 

occurs corresponds to a depth of approximately 

3000m. Most submarine hydrothermal systems are 

reported from shallower depth than the critical point, 

which means that circulating fluids are expected to 

follow the subcritical part of the two-phase boundary 

(Bischoff and Rosenbauer, 1988).    

 During boiling of a hydrothermal fluid energy 

is consumed in form of latent heat. This process drives 

the phase transition from water to steam, without 

changing fluid temperature. Phase separation changes 

fluid salinity: when a vapor phase is separated during 

ongoing boiling, salinity of the remaining fluid in-

creases. Measured salinities of exiting hydrothermal 

fluids at submarine vents globally vary widely, which 

proves that phase separation has taken place during 

ascend (Hannington et al., 1995). When a hydrother-

mal fluid intersects the two-phase boundary in the sub-

critical region, a small amount of dilute, low salinity 

vapor is separated from the bulk liquid, which in turn 

has increased salinity. Density differences between the 

two phases, under pressure conditions of most MOR 

hydrothermal systems, might not always be high 

enough to spatially separate vapor from the remaining 

liquid. When the intersection occurs under supercriti-

cal conditions, a small amount of dense, high salinity 

brine is separated (Bischoff and Rosenbauer, 1988).  
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2.5 Investigation methods for  
 submarine hydrothermal activity & 

modeling approaches 
Since the first direct observation of hot springs on the 

seafloor of the EPR and the Galapagos Rift in the late 

1970‟s, investigation methods for submarine hydro-

thermal activity have developed significantly. Present 

technique has advanced to be highly accurate for rock 

and sediment sampling, chemical data collection and 

to localize actual vent sites. Unmanned remote vehi-

cles e.g. Remotely Operated underwater Vehicle 

(ROV) (Fig. 7) or the smaller Autonomous Underwa-

ter Vehicle (AUV) are controlled from a research ves-

sel and able to operate down to a depth of 6000m, 

which gives them the potential to access ~95% of the 

global seafloor. Various types of remote operated 

equipment are available in different dimensions, so 

that a suitable system can be chosen for every scien-

tific purpose. Remote controlled systems for marine 

research are capable to diverse data collection: direct 

sampling, digital video streaming, hydrographical data 

collection for e.g. conductivity, temperature, chemical 

composition, mapping and imaging of the seafloor for 

e.g. photography, bathymetry, magnetic and gravimet-

ric profiles (IFM-GEOMAR, 2010). The possibility of 

diverse and accurate data collection has improved the 

knowledge about hydrothermal vent sites on the sea-

floor significantly. 

 Nevertheless most of the highly effective re-

search equipment accessible today has very high op-

erational costs (Herzig, 1999; Ingebritsen et al., 2009; 

Rona, 2008) and is time consuming, as it is always 

connected to a research cruise. Mathematical modeling 

approaches have shown to be an effective alternative 

or complementation to direct field research (e.g. Cou-

mou et al., 2008; Schardt et al., 2003). 

 Two reviews from Lowell, 1991 and Ingebrit-

sen et al., 2009, that complement each other, give a 

detailed overview on the evolution of mathematical 

modeling of hydrothermal systems, starting from the 

middle of the last century until today. Geothermal sys-

tems on land have been known and been utilized as a 

heat-resource reaching long back into history, e.g. for 

bathing and cooking from the indigenous Maori popu-

lation in New Zealand and for heating on Iceland 

(Lowell, 1991; Mercer and Faust, 1979). Geophysical 

surveys for terrestrial geothermal systems as well as 

simple mathematical models started around 1950 

(Lowell, 1991). Two decades later, about a decade 

prior to black smoker discovery, the first more ad-

vanced mathematical model was developed for the 

Wairakei geothermal reservoir in New Zealand. The 

model was solving for fluid flow in porous media and 

done for exploitation interests (Ingebritsen et al., 2009; 

Mercer and Faust, 1979).     

 Modeling of submarine hydrothermal systems 

indirectly had started before the first vent sites had 

been discovered. Hydrothermal convection at MORs 

and conductive heat flow was described by mathemati-

cal models during the late 1960‟s and 1970‟s (Lowell, 

The fact that boiling of hydrothermal fluids changes its 

salinity makes it not entirely accurate to apply the EOS 

of seawater for a constant 3.2% NaCl content. This 

problem and solution alternatives are further discussed 

in section 5.3.      

 Boiling mechanisms and temperature control 

physical and chemical properties of hydrothermal flu-

ids (e.g. solubility, metal concentration) and has major 

impact on distribution and deposition of hydrothermal 

minerals at submarine vent sites (Bischoff and 

Rosenbauer, 1988). Metal rich brines that accumulate 

at depth are significant for mineral formation and also 

vapor transport of metals can be of importance. Boil-

ing of hydrothermal fluids close to the seafloor, is 

more likely to result in physical phase separation. Hy-

drostatic pressure of the overlaying water columns is 

lower so that the density difference between the two 

phases is possibly high enough to separate a small 

amount of low-salinity vapor phase (Hannington et al., 

1995). Near-surface boiling in submarine hydrother-

mal systems influences sulfide precipitation, similar to 

the formation of epithermal Au- deposits in subaerial 

geothermal systems (e.g. Krupp and Seward, 1978, 

Borovikov et al. 2009). 

 

 

Fig. 6. Boiling curves or two-phase boundaries for seawater 

with 3.2% NaCl and for pure water. Critical endpoint for 

seawater boiling is at 407°C and 289.5 bar and divides 

subcritical and supercritical regions (modified from Bischoff   

& Rosenbauer, 1985). 
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1991; Schardt and Large, 2009). Also the connection 

of seafloor hydrothermal circulation and marine ore 

deposit formation was already expressed in mathe-

matical models at that time. Lowell (1991) divides 

mathematical models for hydrothermal systems in two 

major types: porous medium convection models and 

pipe models. Porous medium or cellular convection 

models consider circulation of hydrothermal fluids 

driven by convective instability in a homogeneous, 

saturated, porous layer, heated from below. Starting 

with this basic frame, porous convection models have 

developed into high complexity and been adopted to 

different geological settings until today. Also in this 

work hydrothermal fluid flow will be solved using this 

type of model. Lowell (1991) describes the second 

basic type, the pipe model: here hydrothermal circula-

tion is treated in terms of simple recharge, discharge 

and heating zones and the elements are modeled as 

discrete channels or pipes. Here no detailed tempera-

ture and velocity distribution is taken into account. 

The pipe model can even be seen as a case of porous 

medium model with very heterogeneous permeability 

distribution, so that fluid flow is being forced to dis-

tinct zones.   

 The first numerical models to simulate heat and 

mass transfer in a hydrothermal system where using 

Finite Difference (FD) codes in the end of the 1970‟s. 

Since the review by Lowell (1991), the understanding 

of fluid chemistry (e.g. salinity, CO2) and fluid proper-

ties have evolved to be more detailed and precise. 

EOSs have become more accurate, so that fluid flow at 

near-critical conditions can be simulated. Moreover 

computational efficiency has increased significantly, 

which allows solving of more difficult hydrothermal 

convection codes, which need less simplification. 

More complex numerical methods that solve systems 

of linear differential equations on a computational grid 

that represents the physical domain of interest, are 

applied. In a next step of numerical modeling, Finite 

Element codes were used (FE), which allow computa-

tion on less structured grids, so that complex geomet-

ric structures could be represented (e.g. Ingebritsen et 

al., 2009). Also Finite Volume (FV) methods (e.g. 

Geiger et al., 2006a; Geiger et al., 2006b) and 3D solu-

tions have been developed (e.g. Coumou et al., 2008). 

Most recent models often apply a combination of dif-

ferent types of numerical discretization (e.g. Coumou 

et al., 2006). Moreover Lowell (1991) already dis-

cussed the critical role of permeability for hydrother-

mal circulation. Values for seafloor basalts attained 

through direct and indirect investigation methods 

(borehole logging, geophysics and numerical model-

ing) range from 10-9 to 10-22 (Fisher, 1998). Permeabil-

ity distribution throughout the ocanic crust is assumed 

to be highly heterogeneous. Ingebritsen et al. (2009) 

show, how the perception of permeability in the con-

text of hydrothermal simulation has expanded to be 

much more complex. The importance of permeability 

contrasts, as e.g. in case of fractures, instead of only 

absolute values has been recognized. Yang et al. 

(1998) e.g., present a Finite Element (FE) model for 

hydrothermal fluid circulation that solve for discrete 

fractures in porous media and highlight the importance 

of fractures for the temperature and velocity distribu-

tion. Research is in progress to further improve nu-

merical codes, which simultaneously solve for multi-

phase heat and mass transport and deformation in 

pourous media. Also 3D simulations of convective 

seafloor hydrothermal systems have been developed 

recently (e.g. Coumou et al., 2008). 

 

 

3 Methods –     
Mathematics & The model 

The aim of this project, constraining the relationship 

between water depth and vent temperatures, will be 

achieved through compilation of vent data into dia-

grams and global maps as well as through numerical 

simulation of hydrothermal systems. For data compila-

tion and numerical modeling, Matlab (Version 7.7.0; 

R2008b) is used. Maps are constructed from available 

vent field data on temperature, depth, location, tec-

tonic setting and seafloor spreading rate. Predicted 

vent temperatures at plate boundaries are computed 

from global bathymetry data and the EOS for seawater 

for 3.2% NaCl content. Maps of predicted vent tem-

peratures are compared to globally measured vent 

data. A numerical model has been developed to exam-

ine the physical processes that may lead measured vent 

temperatures to deviate from predicted ones. Hydro-

thermal systems are simulated to study mechanisms 

that can cause vent temperature to lie on, below or 

above the boiling curve. Simulations of hydrothermal 

circulation are accomplished through the development 

of a porous convection code, which solves for fluid 

flow and temperature distribution in a porous medium, 

applying a Finite Element (FE) approach. The model 

includes compressible fluid flow, solving for tempera-

ture diffusion, advection and pressure changes in the 

system. Compressible flow allows fluids to undergo 

volume changes due to variations in temperature and 

pressure. For simplification the model neglects salt 

and other chemical components. Following sections 

assess fundamental physical processes and derive gov-

Fig. 7. Remotely operated underwater vehicle (ROV) - 

”KIEL 6000” from the IFM-GEOMAR operated from a 

research vessel (IFM-GEOMAR, 2010). 
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P denotes fluid pressure, k permeability, μ viscosity 

and ρf fluid density. Darcy‟s Law describes the propor-

tional relationship between fluid flow or darcy velocity 

u, fluid properties: viscosity μ and density ρf and the 

pressure gradient in a porous medium. The minus sign 

has its origin in the natural behavior of fluid, flowing 

from high to low pressure. Only pressure gradients in 

excess of the hydrostatic pressure cause fluids to flow 

which explains the additional gravity-term ρf*g for the 

vertical direction (Eq. 2). Darcy‟s Law also states that 

u = φ*vf where φ is porosity and vf  pore velocity. 

Fluid flow is focused only to the pores and darcy ve-

locities are scaled down from the entire cross sectional 

area to the pores by dividing u by porosity φ. 

 

3.1.2 Conservation of mass 

Density multiplied by Darcy velocity u describes fluid 

flow through a cross sectional area of a porous me-

dium in terms of mass, also denoted as mass flux:

    

  qmass = ρf  vf φΔyΔz        (3) 

 

We assume a box of porous medium with porosity φ, 

permeability k and a fluid with density ρf  (Fig. 8). A 

simple mass balance equation for fluid flow in qmass_in   

and qmass_out  out of the box can be written as (4): 

 

qmass_in  –  qmass_out  = change in amount of stored fluid 

The difference between fluid flow in and out of the 

box gives the change of the amount of fluid contained 

in the box. If pores are always assumed to be filled, a 

change in fluid flux over the modeled domain has to 

be simultaneous with a change in fluid density. When 

e.g. the fluid flux into the box is greater than out, more 

fluid accumulates inside the box. As pore space is con-

stant, this has to be compensated by an increase in 

fluid density so that fluids will be compressed. 

 Fluid flow through a cross sectional area out of 

the box, qmass_out  is described as the flux that enters 

the box qmass_in plus the change of that flow over the 

modeled domain Δx:    

 

 

 

 

 

erning equations (section 3.1). Section 3.2 illustrates 

model set up and assumptions as well as how the de-

rived equations are implemented in the model and 

solved by a numerical FE- formulation. 

 
3.1 Physical processes 
In order to maintain hydrothermal circulation, besides 

appropriate fluid supply and permeability structures 

that allow large scale fluid flow, a heat source, that is 

able to generate a sufficient temperature gradient, is 

crucial. Density contrasts between fluids of different 

temperatures, give rise to a thermal buoyancy effect: 

cold, dense fluids migrate down into a hydrothermal 

system where they get heated up, become less dense 

and naturally ascend back to the surface. Density of 

hydrothermal fluids varies not only with temperature 

but also naturally increases with depth. Fluid density 

can be described as functions of temperature, pressure 

and salinity. For hydrothermal convection processes, 

forces that drive fluid flow are necessary: the most 

important forces are pressure and gravity. For an over-

view of physical properties, used symbols and units 

see Appendix I.     

 For the simulation of fluid dynamics of seafloor 

hydrothermal systems, the fundamental physical con-

cept of conservation of mass (volume multiplied by 

density of an object), energy (internal energy, consid-

ered after the first law of thermodynamics as the com-

bination of heat added and work done by a system) 

and momentum (vector quantity with magnitude and 

direction: mass multiplied by velocity) are assumed. 

The conservation principles state that the total amount 

of energy, mass and momentum remain constant in a 

closed system: they cannot be created or destroyed, but 

only changed through acting forces. For mass e.g. the 

shape of moving fluids can change, for energy, the 

potential energy can be converted into kinetic energy, 

for momentum, velocity and direction of a fluid parcel 

can be changed according to Newton‟s Laws of Mo-

tion. In a system which is not in thermodynamic equi-

librium, physical processes take place in order to reach 

stable conditions. When a system is balanced it has 

reached steady-state conditions. In steady-state, the 

energy entering a system is equal to the energy leaving 

it and fluid properties as well as temperature and pres-

sure distribution remain constant in time. 

 

 

3.1.1 Darcy’s Law for fluid flow
 

The fundamental equation that links fluid flow to the 

forces causing it, has been derived experimentally by 

Henry Darcy in the mid 1850‟s. Darcy’s Law for fluid 

flow through porous media applies to fluid dynamics 

of submarine hydrothermal systems. Darcy velocities 

ux and uy (in m/s) are expressed as following:  

 

 

(1) 

 

Fig. 8. Conservation of mass principle for fluid flow through 

a cross sectional areas in and out of a box of porous medium. 
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cause heat is effectively removed by hydrothermal 

circulation (Fig.9). Mathematically, the dimensionless 

Nusselt Number gives information about the relative 

importance of conductive to convective processes dur-

ing heat transport (e.g. Cherkaoui and Wilcock, 1999; 

Fontaine and Wilcock, 2007). 

 

Diffusion: Conductive heat transport 

Basic conductive heat flow is described by Fourier‟s 

Law: 

 

 

          

where T is temperature, x distance, t time and k  ther-

mal conductivity. The minus sign is explained by the 

negative thermal gradient which denotes that heat flow 

occurs from high to low temperature. Heat flux q is 

proportional to the temperature gradient and the effec-

tive thermal conductivity. The higher the temperature 

gradient the higher the heat flow. A common value of 

thermal conductivity for rock is k ≈2 W/m °C, so we 

obtain q ≈0.06 W/m2 as a typical continental heat flux 

with the natural geothermal gradient of -0.03°C/m. 

 A more complex, time dependent equation for 

heat transport can be derived from the basic transport 

equation (Eq. 9) and the principle of energy conserva-

tion similar as for mass (section 3.1.2). The 1D - tran-

sient (or unsteady) diffusion equation then becomes: 

 

 

 

  

where ρf  is fluid density and cpr  specific heat of the 

rock. The equation describes how the change in inter-

nal thermal energy J = ρf *cpr*T is equal to the change 

in heat flow over a control volume. The term transient 

refers to the time dependency of the equation. Heat 

flow is considered “unsteady” as long as it changes 

with time. In 3D form the above equation (Eq. 10) can 

be written as: 

 

  

  

   

Advection: Convective heat transport 

During advection heat is actively transported by a 

moving medium. The 3D advection equation can again 

be derived from the energy conservation principle, 

which states that the change in internal thermal energy 

has to be equal to the difference in thermal energy 

transported in and out of the system by fluid flow. 

Combining Eq. 3 and 5, the basic mass balance equa-

tion (Eq. 4) can be written as: 

If this equation is simplified, the first terms cancel out 

and the final mass conservation equation for fluid flow 

in porous media in 1D becomes: 

 

 

 

                            

For the 3D form, equation 7 is written with the diver-

gence term  

 

, which denotes the change in all directions as the sum 

of the partial derivatives: 

 

  

  

  

  

The above derived principle of mass conservation can 

be applied in a similar way for conservation of energy 

in the system to derive equations for diffusive and ad-

vective heat flow. 

 

 

3.1.3 Heat transport  

The amount of unstable radiogenic isotopes in a rock 

and the distance to a possible heat source at depth, 

primarily control its geothermal gradient ΔT/Δz, the 

ratio of change in temperature ΔT to vertical depth 

interval -Δz. In average continental crust we have a 

typical temperature increase of ≈3°C for every 100m 

depth, which gives a common geothermal gradient of -

0.03°C/m. The two basic forms of heat transport are 

considered for hydrothermal fluid dynamics in the 

ocean floor: conductive heat transport, where heat is 

transferred through stationary media by the vibration 

of atoms and convective heat transport, where heat is 

transported by a moving medium through advection. 

Advective heat transport towards the surface of the 

Earth includes mantle convection, rising of hot molten 

rock in form of magma chambers, dikes or volcanic 

eruptions as well as heat carried by convecting fluids. 

At its surface the Earth permanently looses heat to the 

atmosphere and oceans by conductive heat flow. The 

plate cooling model by Stein and Stein (1994) explains 

how oceanic lithosphere is cooled by conductive heat 

loss to the colder ocean (Fig. 9) (Stein and Stein, 

1994). Due to the cooling process the plate becomes 

denser and subsides with age while it moves away 

from the ridge axis. Heat flow measurements of the 

seafloor close to MORs do not agree with the cooling 

model. There, lower conductive heat flow occurs, be-
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Fig. 9. Anomaly in conductive 

heat flow measurments of the 

seafloor near an active ridge and 

further away. Close to the ridge 

axis, observed data are lower than 

expected from the lithopsheric 

cooling model, because heat is 

removed through hydrothermal 

convection(Stein & Stein 1994). 
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Instead of conductivity the equation gets an additional 

velocity term u: 

 

 

     (12) 

 

 

 

3.2 The  Model 
 

3.2.1 Governing equations 

The general equations derived in section 3.1 for heat 

transport and pressure driven fluid flow are imple-

mented into the mathematical formulation of the con-

structed model as described in the following sections. 

Final governing equations (Eq. 18 and 19) are applied 

in the modeling code to solve for pressure and tem-

perature respectively. Moreover it is demonstrated 

how advection of temperature and fluid properties is 

completed during simulation and how the process of 

seawater mixing is mathematical implemented. 

 

Pressure equation 

From the general 3D mass conservation equation (Eq. 

8) in combination with the Darcy velocity u = φ*vf, we 

obtain following equation: 

 

  

Fluid density ρf changes with temperature and pres-

sure. In order to get pressure dependency on both 

sides, the left hand side (lhs) of the equation above is 

expanded into a pressure and a temperature term. Po-

rosity remains constants and is written in front of the 

derivative:  

 

 

 

Fluid compressibility β and thermal expansivity α are 

mathematically described by: 

 

 

(15) and   (16) 

 

 

The lhs of equation 13 combined with equation 14 – 

16 then becomes: 

 

 

      (17) 

and the entire final pressure equation for 3D com-

pressible fluid flow: 

Equation 18 above is used to solve for pressure during 

simulations of this work. The last term, which contains 

thermal expansivity α, expresses the density or volume 

change of the fluid due to heating.  

 

Temperature equation 

Fluid temperature is calculated from following com-

bined 3D diffusion-advection equation derived from 

heat transport equations 10 and 11: 

    

denotes bulk 

density ρ and 

specific heat cp from rock and fluid. The first term of 

equation 19 describes diffusive heat transport in the 

rock and the second term advective heat transport by a 

moving fluid parcel. Fluid temperature is moved on 

the numerical grid with the respective fluid velocity, 

using a semi-implicit lagrangian scheme (Fig. 10), 

where new temperatures are approximated in several 

iterative steps through interpolation. 

Fluid properties 

Fluid properties: density ρf, viscosity μf and specific 

heat cpf are temperature and pressure dependent and 

thus change during simulations. Values are taken from 

thermodynamic look up tables developed by the De-

partment of Applied Thermodynamics at the TU Ham-

burg-Harburg (PROST, 1998). 

 

Seawater mixing 

For mixing process between hot hydrothermal fluids 

and cold seawater in the seafloor we assume J = 

m*cp*T (h = cp*T, specific enthalpy) as thermal en-

ergy of the fluid, where m is mass. We assume an 

amount of hydrothermal fluid at boiling temperature 

with energy J1= m1*cp1*T1 and seawater with J2= 

m2*cp2*T2. Temperatures T1 and T2 are known. We 

now want to know the proportion between seawater 

with temperature T2 and boiling hydrothermal fluid 

with temperature T1 required to obtain a fluid with 

lower temperature T3. The resulting mixed fluid has 

e n e r g y  J 3 = J 1 + J 2 .  I n  e q u a t i o n  J 3  = 

(m1+m2)*(cp1+cp2)*(T1+T2) = m3*cp(T3)*T3, mass and 

energy have to remain constant and temperature is 

known. Only the specific heat of the fluid, cp, which 

changes with temperature during the mixing process, 

is unknown. Equation cp(T3) = J3/(m3*T3) can be 
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Fig. 10. Semi-langrangian center- midpoint advection 

scheme. n denotes numerical steps. 
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The change of temperature over a numerical timestep 

n, is expressed as:    

 

 

 

 

which is solved for the unknown temperature Tnew.

 The weak finite element formulation of the dif-

fusion equation with weighted residual integrals and 

constant (J = ρ*cp*T, thermal energy), conductivity k, 

density ρ and specific heat cp over each element be-

comes: 

Temperature T at the nodes is interpolated onto inte-

gration points (ip) inside the element by shape func-

tions N, so that Tip = N*T_nodes. In the applied Galerkin 

method the shape functions are used as weighting 

functions δ and N‟ denotes a vertical vector of the 

shape function which weights the integral onto the 

nodes of each element:    

Partial integration of the above equation (Eq. 21b) 

leads to: 

For Dirichlet boundary conditions of constant 

zero heat flux, the boundary integral denoted by be-

comes 0 and can thus be ignored. 

 The system of equations: Ael*Tnew_el = Rhs_el is 

solved for each element in each numerical timestep. 

The integral expression on Lhs of equation 22 forms 

the element stiffness matrix Ael and contains unknown 

fluid temperatures for each element. The vector on the 

right hand side of the equation contains the vector of 

old element temperatures Told_el. In order to update the 

temperature field of the modeled domain the integral 

statements for each element are solved by numerical 

solved directly. Boiling curves for various specific 

heat cp, that denote the respective degrees of mixing 

can be derived from the EOS for seawater. 

 

3.2.2  Numerics 

Fluid flow in hydrothermal systems is simulated by 

applying the coupled set of non-linear equations for 

pressure and temperature (Eq. 18 and 19) derived in 

the previous section. For most complex systems it is 

not possible to derive analytical solutions. Conse-

quently, equations are solved by computation using 

numerical techniques that discretise continuous prob-

lems into domains where approximate solutions are 

found. In the following section the Finite Element (FE) 

numerical method will be introduced briefly and the 

FE-notation of the governing equations will be demon-

strated at the example of temperature diffusion.  

 

Finite Element method 

Basic principle of the Finite Element (FE) method is 

the discretisation of a problem domain into a number 

of finite elements. The finite element mesh is formed 

by a grid of a discrete number of nodes (Fig.11). Gov-

erning differential equations that describe the physical 

processes are solved for each element in every numeri-

cal step. The advantage of the FE method is that the 

elements do not need to be uniform, so that complex 

shapes and structures can be represented.   

 The mathematical principle of the FE method is 

to replace the governing equations by integral formula-

tions. Solutions are then computed at each node with 

reference to neighboring nodes and interpolated into 

the element. Shape functions are used as the interpola-

tion tool. Differential equations are converted into a 

weak formulation of integral statements. In a weak 

formulation, equations deliver no longer precise but 

approximate, weak solutions. Weighted residuals de-

fine the residual error of the approximated solution 

and are included in the integral expression. Each ele-

ment is assigned an identifying integer number. Each 

nodal point is assigned a global identifying integer 

number, plus coordinates that refer to the grid, called 

global coordinates. A Jacobian matrix is used to 

switch between global and local coordinates. Which 

nodes belong to which element is defined by an ele-

ment connectivity matrix. An element stiffness matrix, 

where shape functions are substituted into the integral 

statements, is established for each element. Each ele-

ment matrix is then added to the global stiffness ma-

trix. The complete global matrix forms the final sys-

tem of equations. At outer margins of the mesh it is 

necessary to set specific boundary conditions. The two 

main types are the Neumann and Dirichlet boundary 

conditions: in the Neumann condition, outer nodes are 

kept at a constant temperature value, in the Dirichlet 

condition heat flux is kept constant.   

 The basic principle of the FE notation is dem-

onstrated in the example of the transient diffusion 

equation (Eq. 10) which is solved for temperature in 

2D during simulations: 
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Fig. 11. Set up of the porous convection model. The box is ”open top”, so that fluids and heat can exit (venting) and enter 

(seawater recharge) the system only through the top bounday, which represents the seafloor. 

integration and added to the global system of equa-

tions: A*Tnew= Rhs, which is solved in each timestep 

by the Matlab matrix solver backslash command:   

    

   Tnew = A\ Rhs.    

 

Applied Numerical Scheme 

The following cycle (b-g) is undergone in each nu-

merical step in order to solve the governing differen-

tial equations for temperature and pressure at each 

element and to update fluid properties and advect tem-

peratures (a is the initial set up and is only performed 

at the start of each run):  

 

a)Set up of constants, as size of modeled domain, 

number of nodes and elements, timestep, and 

material parameters as initial fluid temperature 

and pressure at the bottom and the top of the 

modeled box, rock properties (porosity φ,  

density ρr, permeability k, and specific heat cpr 

and conductivity kr) and initial fluid properties 

(ρf, cpf and viscosity μ) (Appendix II: A. 

main.m) 

 

b)Compute new fluid temperatures from the equa-

tion for diffusive heat transport at every node 

(Appendix II, B. temp2d.m)  

   

c)move fluid temperatures on the numerical grid 

using the advection equation and fluid velocities 

obtained via the Darcy equation from old fluid 

pressure. A center- midpoint semi-Lagrangian 

iterative method is applied to interpolate veloci-

ties (Appendix II, C. advect2d.m)   

d)update fluid properties (ρf, cpf and μ), which 

depend on pressure and temperature, from look 

up tables (PROST, 1998) (Appendix I, D. 

fluid_properties.m)   

   

e)compute new fluid pressure (Appendix II, E.  

pressure.m)  

     

f) use the pressure computed above to derive new 

fluid velocities at each node from the Darcy 

flow equations (Appendix II, F. darcy2d.m)

  

g)back to b. 

 

A simulation is either stopped after a fixed number of 

timesteps or when a steady state (or quasi steady state) 

is reached. A real Steady state is reached when fluid 

properties, pressure and temperatures do not change in 

time anymore, the system then is assumed to be in 

equilibrium. Complete steady state is however rarely 

reached, so that a simulation is often stopped when 

properties do not undergo large changes anymore. 

 

3.2.3 Model assumptions & Set up 

The comparison of vent data with the boiling curve for 

seawater during this project rests on the assumption 

that boiling takes place during the entire transport of 

hydrothermal fluids through the system. This general 

assumption about submarine hydrothermal systems is 

widely accepted since the 1980‟s (e.g. Bischoff and 

Rosenbauer, 1985). The porous convection model as-

sumes circulation of pure water, neglecting the actual 

chemical composition of seawater in order to create a   

less complex numerical code. Boiling of hydrothermal 
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Fig. 12 shows a global bathymetric map and measured 

hydrothermal vent temperatures. As hydrostatic pres-

sure increases linearly with depth, bathymetric data 

can directly be converted into values of pressure. Sub-

critical areas along oceanic plate boundaries, where 

the seafloor is located at depth shallower than 2895m, 

are highlighted in white. Vent sites located in all other 

areas could potentially reach supercritical conditions; 

the hydrostatic pressure exceeds 289.5 bar, the critical 

pressure (Pc) at the same time as the fluid temperature 

is higher than 407°C, the critical temperature (Tc). In 

the Red Sea, exceptionally low venting temperatures 

of ~23°C and <50°C are found. Vent temperatures are 

not monitored for all known vent sites. 

 

4.2 Comparison of predicted &          
observed vent temperatures 

In Fig. 13 predicted vent temperatures along plate 

boundaries computed from the boiling curve can be 

seen in a color scale as well as the difference between 

measured and predicted temperatures for each vent 

site. The lower a value is, the closer it is to the boiling 

curve and thus the better it fits the hypothesis suggest-

ing that the temperature follows the boiling curve. The 

map shows that at most vents the measured tempera-

ture does not match the expected values. Best agree-

ment between expected and observed temperatures is 

found at vent sites on the NEPR outside the west coast 

of the U.S.. The largest deviation from the boiling 

curve is found on the ultra slow spreading Ridge of the 

Red Sea, where vent fluids show exceptionally low 

temperatures (Fig. 12) and in the Mediterranean and 

around Iceland as well as in some regions on the vol-

canic arc north of New Zealand. In these regions the 

difference to the expected temperatures ranges from 

140°C to 370°C. At most plotted sites along MORs 

with ~20°C to ~100°C, the deviation from the boiling 

curve is lower. 

 Figure 14 shows measured values for tempera-

ture and pressure, dependent on their corresponding 

depth, for hydrothermal vent sites divided after spread-

ing rate and region, plotted relative to the boiling 

curve for seawater. The plotted data show a very large 

spread in both temperature and pressure, only a few 

data points lie on the boiling curve. The supercritical 

fluids is not resolved with explicitly separated phases 

in the numerical simulation but approximated by fluid 

properties, which change with pressure and tempera-

ture.  
 The model represents the evolution of hydro-

thermal circulation along a cross sectional area along a 

MOR axis of 3600m length. A 1000°C heat source is 

located 1000m below seafloor.  20.000 rectangular 

finite elements, 200 in horizontal (lx) and 100 in verti-

cal direction (ly), constitute the modeled domain (Fig. 

11, Table 1). Four corner nodes are assigned to each 

element. Rock properties for seafloor basalt: porosity, 

permeability, conductivity, density and specific heat) 

(Table 2) (see e.g. Coumou et al., 2006; Fisher, 1998) 

are kept constant during all simulations. 

 Temperature and pressure gradients do not 

change at the sides of the box, so that “no flow” 

Dirichlet boundary conditions of constant zero heat 

flux and fluid flow are constructed. For the lower 

boundary, we have Neumann conditions of constant 

value for temperature of the heat source and Dirichlet 

condition of –ρ*g for the pressure gradient, which 

equals to zero in combination with the Darcy equation 

(Eq. 2). At the upper boundary we have Neumann con-

dition of constant pressure and mixed conditions for 

temperature of fluid entering (seawater entrainment) 

and exiting (hydrothermal venting) the box: for up-

ward flow at the top nodes, which is when vf > 0, 

Dirichlet condition of constant heat flux is applied, 

downwards or incoming flow is assigned the Neumann 

condition of constant temperature (Fig. 11). The box is 

thus “open top”, which allows fluids and heat to enter 

and exit the system only through the top boundary, 

which represents the seafloor. 

 

 

 

4 Results  
 

4.1 Observed vent temperatures  
Temperatures of hot hydrothermal fluids that exit 

through vents on the seafloor are in theory expected to 

follow the boiling curve for seawater (more detailed in 

section 2.4). During their ascend through high perme-

ability pathways, fractures and faults in oceanic crustal 

rock and at the time of their arrival at the seafloor fluid 

temperatures should be close to the boiling point. The 

two-phase-boundary for seawater should thus reveal 

the respective temperatures for different depths. 

Porosity φ:     0.1% 

Permeability k:    10-14 m2  

Conductivity kr :    2W/(m*K) 

Density ρr:     2700 kg/m3 

Specific heat cpr :    880 J/(kg*K) 

Table 2.  Rock properties applied in the model: common 

values for seafloor basalt.  

Fig. 12. following page, top. Global bathymetry map and 

subcritical areas <2895m water depth highlighted in white, 

(critical pressure = 289.5 bar), together with measured 

hydrothermal vent temperatures. Exceptionally low vent 

temperatures can be seen in the Red Sea. 

Fig. 13. following page, down. Global hydrothermal vent 

temperatures along oceanic plate boundaries predicted from 

the EOS  and the difference to measured temperatures (in 

blue). Negative values denote deviations below the boiling  

boiling curve (3.2% NaCl), turquoise values vents that lie 

above the curve and red exact agreement. High deviations 

can be seen in the Mediterranean and Red Sea, good 

agreemnet on the NEPR along the west coast of the U.S..  
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The deepest plotted vent site is located at a depth of 

~4000m (~400 bar) on the slow spreading MAR with a 

measured temperature of ~350°C. Several other deep 

hydrothermal systems were monitored deeper than 

3500m on the MAR and in subduction related settings 

(possibly connected to the Mariana trench) in a tem-

perature range between ~270°C and 370°C. Also the 

most shallow hydrothermal vent sites are located in 

subduction related or hot-spot setting and one at a 

depth of 10m to 80m on the MAR with rather low 

fluid temperatures of 70°C to 150°C.  

  Several data points from various regions that all 

exceed 1500m (150bar), lie in the two-phase region. 

The vent site with the strongest deviation above the 

boiling curve is located along the fast spreading North-

ern EPR. It reaches a temperature of ~400°C and thus, 

at ~2700m seafloor depth, deviates from the boiling 

curve with  approximately 20°C. 

 All vent data from the ultra-slow spreading 

Gakkel-Ridge (on the north Atlantic Ridge close to 

Iceland) lie on the boiling curve und thus agree very 

well with the hypothesis. The strongest deviation, of 

more than 300°C from the boiling curve is seen in data 

from the ultra slow spreading ridge in the Red Sea. All 

hydrothermal vents measured in this region have low 

temperatures of ~20°C to 70°C in a large depth range 

from ~1500m to almost 3000m. The Red Sea vent data 

show the least spreading in fluid temperature. Vent 

data from all other regions spread over a large tem-

perature range. Data points from many regions appear 

in clusters of one or several levels of approximately 

equal seafloor depth e.g. fast spreading EPR at ~ 

2600m and slow spreading EPR at ~2800m or the in-

termediate spreading Juan de Fuca Ridge at ~2200m. 

Vent data plotted from subduction or hot-spot related 

sites show no clustering for temperature or pressure. 
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Fig. 14. Compiled vent data after spreading rate (full 

spreading rate in cm/year) and tectonic setting in relation to 

the boiling curve for sewater (3.2% NaCl, equation from 

Bischoff & Rosnebauer 1988). Vent data from the ultra-slow 

spreading Ridge in the Red Sea deviate most below the 

curve. Vents from the ultra-slow Gakklel Ridge show best 

agreement with the curve. 

4.3 Porous convection modeling 
During this work fluid flow in submarine hydrother-

mal systems has been explored by a numerical model. 

This was done not only in order to study fundamental 

mechanisms of sub-seafloor hydrothermal circulation 

but also to find possible explanations for discrepancy 

described above (section 4.2) between hypothetically 

expected and actually measured vent temperatures. 

In focus during the modeling was the central question 

of this work, the relation of seafloor depth or pressure 

and venting temperatures in submarine hydrothermal 

systems. Moreover other factors that might influence 

vent temperatures were sought after. 

 

4.3.1  Seafloor depth & Vent temperatures 

Modeling outcomes of four different seafloor depths 

are presented in the following sections. First a typical,  

seafloor depth of 2500m is presented, which is also 

referred to as the ‟reference system‟. This subcritical 

case is shown in detailed order to clarify fundamental 

field where the temperature exceeds the critical tem-

perature (Tc = 407°C), the pressure is higher than the 

critical pressure (Pc = 298.5 bar) and a two-phase 

boundary is no longer defined, contains no data points. 

Consequently, subcritical conditions apply to all vent 

fluid data. The majority of points lie in the one-phase 

region, below the curve. The highest measured fluid 

temperature is ~400°C. Vents with fluids of this tem-

perature are located in both the one and the two-phase 

region along the fast spreading East Pacific Rise 

(EPR) at a depth of ~2700m and along the slow 

spreading Mid-Atlantic Ridge (MAR) at ~3000m. The 

vent site with the lowest temperature of ~10°C is lo-

cated at ~1200m (120bar) in a non-divergent, subduc-

tion related or hot spot setting. Several vents in these 

settings and in the Red Sea show low temperatures of 

less than 50°C in a large depth range of 400m to 

2800m (40bar to 280bar).                             
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  Set Up               Results           Prediction 

Simulation 

Seafloor 

depth 

(m)   

Tbot 

(°C)   

box size 

(nx*ny)   

dt 

(*dx) 

    T_end      

(years)  

Vent  T

(C°) 

No. of 

vents 

(end) 

Convect-

ion start 

(years)   

Plume 

shape 

Plume 

splitt-

ing 

      Exp. T      

(°C) 

OWN MATLAB CODE             

1 2500   1000   200*100   0.2 2676 420 9 118   f. reg. yes 380 

2 1500  1000  200*100  0.5 2128 380 6 165  f. irreg. yes             350 

3 800  1000  200*100  0.8 2143 360 6 280  irreg. yes 300 

4 3500  1000  200*100  0.2 3000 450 8 126  f.reg. yes supercr. 

5 2500  800  200*100  0.5 3000 420 7 154  irreg. yes             n.a. 

6 2500  600  200*100  0.2 2944 400 7 142  f. irreg. yes             n.a. 

7 2500  400  200*100  0.5 2996 250 7 647  reg. no             n.a. 

8 2500  300  200*100  0.5 10000 150 5 3900  reg. no             n.a. 

9 2500   200   200*100   0.5 2000 

       

none        n.a.           n.a.   n.a. n.a.             n.a. 

MILAMIN CODE             

10 2500   1000   200*200     4000 400           6      f. reg. yes 380 

Modeling outcomes vary for different set ups.  Convection start is aproximated and refers to plume development in the lowest 

~100m of the system. For plume shape (f. irreg.) abbreviates ”fairly irregular” and resprectively. ”Not applicable” is denoted by 

(n.a.). Simulation 1 represents the ”reference system” with seafloor depth of 2500m and heat source of 1000°C. In simulation 2 

the seafloor is located at 3500m, so that hydrothermal venting is expected under supercritical (supercr.) condictions. Convection 

establishes somewhat later in shallow systems (800m and 1500m) and significant later with decreasing heat supply (decreasing 

Tbot). With decreasing heat supply also modeled vent temperatures decrease significantly. Modeled vent temperatures agree 

best with predicted ones for deeper systems (1500 and 2500m).  

Table 1.  Model set up, results and predicted temperatures for all executed simulations 

mechanisms. It is also used as reference, to which re-

sults of other runs are compared. Then two other sub-

critical, shallower and lower pressure environments at 

800m and 1500m depth are presented. The final case 

at a depth of 3500m represents a deeper, high pressure 

and thus potentially supercritical system. 

Each modeling run starts with a cold box (blue) and a 

heat source (red) in the bottom. This represents the 

modeled domain of cold, oceanic rock and potentially 

present seawater in faults and fractures with a heat 

source, e.g. a magma chamber of ~1000°C in the bot-

tom. The resulting temperature and pressure gradient 

is the source that potentially triggers and drives hydro-

thermal circulation. 

 

Reference system: 

Seafloor depth - 2500m (subcritical)  

Figs. 17a-i show the evolution of submarine hydro-

thermal circulation in a system 1000m beneath the 

seafloor which is located at 2500m. Many hydrother-

mal vent sites have been recorded from this subcritical 

depth (Fig 14). After 43 years the system is still en-

tirely cold and hence no hydrothermal circulation has 

yet evolved (Fig. 15a).  75 years later, at t=118 years, 

hydrothermal convection has started such that small, 

mainly regular plumes of around 400°C, can be ob-

served in the lowest 100m of the system (Fig. 15b). 

During the following approximately 20 years, the 

plumes rise vertically another 100m and appear still 

fairly uniform with remaining temperatures of around 

400°C (Fig. 15c). 60 years later, at t=200 years, most 

plumes have risen 200m more to a level of approxi-

mately 600m below the seafloor (Fig. 15d). A few 

plumes have slowed down; the slowest have only risen 

100m. The number of approximately 30 plumes has 

until then remained almost constant, their shapes have 

become somewhat more irregular. The top of the 

plumes remains at ~400°C, further down temperatures 

of ~500°C are attained. During the following 100 

years, at t= 300 years, the system has become clearly 

less structured (Fig. 15e). The fastest rising plumes 

have reached almost 100m below the seafloor, other 

plumes have remained small and low. The number of 

plumes has been reduced to ~25, their shapes have 

now become much more irregular. Some plumes have 

merged in the bottom and split again in the upper 

parts. Temperatures in the entire plumes seem to have 

cooled down further, while the minimum temperature 

remains at ~400°C in the upper part of the plumes. 

 After t=400 years three plumes have reached 

the top and as a consequence fluids are exiting through 

vent chimneys on the seafloor (Fig. 15f). The system 

has become yet more chaotic. Plume shapes are highly 

irregular and now they are not found at a common 

level but rather cover the entire box in an irregular 

pattern. The number of plumes has been reduced fur-

ther to 14. Also the temperature of the whole system is 

lower, most areas now are at around 400°C and so are 

the temperatures of the three plumes, which have 

reached the seafloor and started venting hydrothermal 

fluids. After twice the time, at t=800 years, the system 

has not undergone any significant changes regarding 

plume number and shape (Fig. 15g). 7 plumes, ap-

proximately half of the total number of plumes have 
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a 
 

Simulation 1: Reference system, Seafloor depth - 2500m (subcritical) 

Figs. 15a-i. Evolution of hydrothermal convection over a 

period of t= 2676 years in a 3600m cross section along a MOR, 

1000m down into the oceanic crust.The top boundary 

represents the seafloor, in the bottom is a heat source of 1000°

C. Pressure and temperature gradient drive convection, which 

has established after approximately 100 years. When 

hydrothermal plumes have reached the top, hydrothermal 

venting has established at the seafloor. Recharge of cold, 10°C 

seawater occurs in the areas in between. In the final stage vent 

temperatures are somewhat higher than 400°C. Plume splitting 

occurs from around 300 years, when plumes have reached 

around half the way towards the seafloor, until the end. 

a: t = 43  

d: t = 200 h: t = 1600 

g: t = 800 

f: t = 400 

c: t = 140 

b: t = 118 

e: t = 300  

°C 

Fig. 16. following page top. Mass flux in and out though the top bounday (seafloor) of the modeled domain during simulation 1 

(Table 1). The sum of both mass fluxes equals to zero, which visualizes the conservation of mass during simulations. Fluid 

compressibility accounts for small fluctuations around zero. Venting of hydrothermal fluids starts at around 400 years. 100 years 

later at t=~500 years mass fluxes do not undergo significant changes anymore, steady state conditions are reached. 

Fig. 17. following page down. Dimensionless Nusselt number, which shows the relative importance of convective to condcutive 

heat transport in the system during simulation 1. In the beginning convection is dominating over conduction until a steady state 

is reached at around 500 years. 

i: t = 2676 
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reached the seafloor. Temperatures for both plumes 

beneath the seafloor, inside the system and for venting 

fluids at the top have increased somewhat. After ap-

proximately further doubled time, at t=1500 years, the 

system has become cooler again and reached a less 

chaotic stage (Fig. 15h). Plumes are divided into a 

number of very low plumes and 10 plumes that have 

reached the seafloor and appear fairly vertical. Plume 

splitting does still occur. Venting temperatures are 

approximately 400°C. During the following ~1100 

years, the system remains fairly stable (Fig. 15i). The 

number of venting plumes has become one less; vent-

ing temperatures oscillate with small deviation around 

400°C (Fig. 18a).      

 The evolution of venting temperatures over the 

entire modeled period is shown in Fig (18b.1 and 2). 

The histograms show the temperature distribution of 

the total amount of fluids that have exit through the 

seafloor during the whole time, both given as mass 

fraction (Fig. 18b.1) and volume % (Fig. 18b.2). More 

than 50 vol. % of the fluid  have vented at ~420°C 

(Fig. 18b.2).  

 Modeling of venting temperatures assuming a 

seafloor depth of 2500m results in temperatures oscil-

lating around 400°C; the deviations are approximately 

40°C. It takes 400 years for the plumes to reach the 

seafloor (Fig. 15a). At the final stage, after t=~2700 

years temperatures seem to have stabilized at around 

420°C (Fig. 18a and b). This is about 40°C more than 

the expected temperature from the boiling curve for a 

seafloor depth of 2500m (Fig. 14).    

 Fig 16 graphically confirms the conservation of 

mass (see section 3.1 and 3.1.2) in the system during 

the modeled period. Mass flux out and in during the 

upper boundary of the box are plotted as well as the 

sum of both, which has to be zero, if the mass trans-

port in and out of the systems is balanced. As long as 

no plumes have reached the seafloor and thus no mass 

enters or leaves the system, all three fluxes remain 

zero. Volume changes due to the compressible charac-

ter of the modeled hydrothermal fluid, account for 

small oscillations around zero. At t = 400 years, when 

venting starts, the curves for mass flux in and out are 

splitting and show how mass enters and leaves the 

system while always keeping their balance. The sys-

tem is assumed to have reached steady state condition, 

when the curves cease to undergo significant changes 

anymore at t=500 years. 

 Figure 17 shows the non-dimensional Nusselt-

number during the simulated time. The Nusselt num-

ber (see section 3.1.3 ) gives the ratio between convec-

tive/conductive heat transfer in a fluid and thus is indi-

cates which mode of transport dominates in the fluid 

flow process. During the first approximately 200 years 

of the simulation, the Nusselt number is growing fast 

and remains rather stable for about 200 more years, 

until seafloor venting has established after around 400 

years. Then the Nusselt number decreases again over 

the following 100 years when steady state conditions 

are reached and oscillates until the end. This indicates 

that convection is stronger in the beginning of the es-

tablishing hydrothermal system. In general the Nusselt 

number is low (<100), which signals laminar or slug-

gish flow in contrast to turbulent flow with highly ac-

tive convection. 

Fig. 16 

Fig. 17 
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Shallow systems: 

Seafloor depth - 1500m & 800m (subcritical)  

The evolution of two shallow hydrothermal systems 

with  seafloor at subcritical depth of 1500m and 800m 

are shown in (Fig. 19a-e). In both systems plumes 

have developed later than in the reference system of 

2500m seafloor depth: after t=165 years small irregu-

lar plumes have formed in the lowermost approxi-

mately 150 meters of the deeper system (1500m sea-

floor depth) (Fig. 19b.1) and after t=280 years, uni-

form plumes occur  in the 200 lowermost meters of the 

most shallow system (800m seafloor depth) (Fig. 

19a.1). At about the same time in the deeper system, 

fairly regular shaped plumes with a temperature of 

about 380°C have reached a level of ~500m (+/- 

100m) beneath the seafloor at (Fig. 19b.2). At around 

this time plume splitting starts. After 200 more years, 

at t=500 years, plumes of the shallower system also 

have reached that level (Fig. 19c.1). They are orien-

tated vertical with a regular shape. Also here plume 

splitting is starting. Plume temperatures are around 

350°C. In the deeper system (1500m) in contrast, vent-

ing has already established at the seafloor at four spots 

(Fig. 19c.2). Moreover this system has become chaotic 

regarding the shapes of the plumes. Venting tempera-

tures are around 400°C. In the shallow system venting 

has established at t= 700 years at 5 sites (Fig. 19d.1). 

Vent temperatures are around 300°C. The system oc-

curs rather chaotic regarding the distribution pattern of 

the plumes, splitting is a very common feature. After 

t=2128 years, eight distinct vent sites have established 

at a depth of 1500m (Fig. 19d.2). Venting tempera-

tures are around 380°C. The plumes that have reached 

the top occur in a fairly regular shape in a vertical ori-

entation and are accompanied by lower plumes of vari-

ous heights. No clear plume splitting can be observed. 

In contrast, after about the same time, plumes in the 

shallower system appear much more irregular and split 

(Fig. 19e). Only two plumes have reached the top and 

have established rather large venting areas. Venting 

temperatures have a huge range of around 200°C be-

tween ~200°C and ~400°C.     

 The volumetric fluid flux histogram (Fig. 20b) 

shows a dominant vent temperature of ~360°C for the 

entire modeled period. In the deeper system the histo-

gram indicates a dominant venting temperature of 

~380°C, at which approximately 50 vol. % of the fluid 

has left the system (Fig. 20a). Venting temperatures 

from both these subcritical systems are higher than 

expected from the boiling curve, which is ~320°C for 

800m and ~350°C for 1500m seafloor depth (Fig. 14). 

This gives a deviation above the curve of 40°C for the 

shallower and 30°C for the deeper system. 

Fig. 18a. Temperature distribution at the top nodes at t=26767 years, the end of simulation 1.Vent temperatures oscillate around 

400°C.  

Fig. 18b.1 and 18b.2 Temperature distribution of total mass - and volumetric flux through the top boundary out of the modeled 

system during entire simulation 1. Average venting temperature is around 420°C. 

a 

b.1 

b.2 

        

m 

°C 

        

2500m seafloor depth after t = 2676 years 
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a 

Simulation 2 & 3: Shallow systems, Seafloor depths - 1500m & 800m (subcritical) 

a.1: t = 280 (800m) a.2: t = 165 (1500m) 

b.1: t = 300 b.2: t = 300 

c.1: t = 500 c.2: t = 500 

d.1: t = 700 

e: t = 2143  

d.2: t = 2128 

 

b. 800m  

    t = 2143 years 

Fig. 20a and b. Temperature distribution of total volumetric fluid flux through the top boundary out of the modeled system 

during entire simulations 2 and 3. Average venting temperature for the deeper system is around 380°C and around 360°C for the 

shallower system. 

Figs. 19a - e. Evolution of hydrothermal convection over a 

period of 2143 and 2128 years in a system of 1500m and 800m 

seafloor depth respectively. In the deep system convection 

established after approximately 165 years, in the shallow one at 

around 280 years. In the final stage vent temperatures are around 

400°C, the shallower system has more irregular plumes and less 

has established hydrothermal venting. Plume splitting occurs in 

both systems, when plumes have reached around half the way 

towards the seafloor (at 500 and 300 years resp.), until the end.  

1

5

0

0

m

°C 

1500m; t = 2128 years 
a. 1500m  

t = 2128 years 
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3500m  

t = 3000  

Fig. 21a-d. above. Evolution of hydrothermal convection 

over a period of 3000 years in a system of 3500m seafloor 

depth. Convection has established after approximately 126 

years. Plume splitting starts, when plumes have reached 

around half the way towards the seafloor at ~300 years and 

continues until the end. In the final stage, after 3000 years, 8 

fairly regular, vertical plumes are venting hydrothermal 

fluids at a temperatire of around 450°C.  

Fig. 22 left. Temperature distribution of total volumetric 

fluid flux through the top boundary out of the modeled 

system during entire simulation 4. Average venting 

temperature is around 450°C. 

b: t = 300 

a: t = 126 

c: t = 500 

d. t = 3000 

Deep system: 

Seafloor depth - 3500m (potentially supercritical)  

Figs. 21a-d represent the evolution of a deep hydro-

thermal system with a seafloor depth of 3500m. Vent 

sites at this depth can potentially reach supercritical 

conditions. This is when they reach temperatures 

higher than the critical temperature of 405°C. After 

approximately 126 years about 30 fairly regular 

plumes of ~400°C have evolved in the approximate 

100 lowermost meters (Fig. 21a). Convection has thus 

started approximately at the same time as in the refer-

ence system, where it started at around t=118 years. At 

t= 300 years most plumes have reached the middle of 

their way to the seafloor with some faster and slower 

plumes of around 100m deviation (Fig. 21.b). The 

number of plumes has decreased by about five, their 

shapes have become a bit more irregular, splitting is 

observed as a common feature. Minimum plume tem-

peratures of ~400°C are maintained. 200 years later at 

t=500 years, nine distinct plumes have developed, five 

of them have reached the top, leading to venting at the 

seafloor (Fig. 21c). The large, fairly vertical plumes 

are accompanied by many shallow ones. Plume split-

ting but also merging still occurs. Venting tempera-

tures lie approximately between 400°C and 450°C. 

During the following 2500 years until the final stage of 

3000 years, all but one plume have reached the sea-

floor (Fig. 21d). The number of plumes has further 

been reduced by one, due to plume merging; their ori-

entation is still fairly vertical. The temperature distri-

bution has not changed significantly. Vent tempera-

tures range from around 400°C to 460°C.   

 An average vent temperature of around 450°C 

can also be observed in the histogram for volumetric 

fluid flux (Fig. 22). Hydrothermal venting at a seafloor 

depth of 3500m with temperatures higher than 405°C 

results in supercritical fluids, as a boiling curve no 

longer exists (Fig. 14). 

Simulation 4: Deep system,  
Seafloor depth - 3500m         
(potentially supercritical) 

°C 

1500m; t = 2128 years 
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100m (Fig. 23a.2). In the system of 400°C bottom 

temperature, convection needed ~650 years to start in 

the lowest 100m (Fig. 24a). The number of approxi-

mately twenty plumes is significantly lower. When 

bottom temperature is decreased further to 300°C, con-

vection starts much later at t=3900 years (Fig. 25a). At 

that time nine shallow and wide plumes can be ob-

served in the 200 lowermost meters. A heat source of 

200°C bottom temperature is not able to trigger any 

convection until t=2000 years (Table 1). In both sys-

tems of 800°C and 600°C bottom temperature, after 

around 300 years, a number of plumes have reached 

approximately half way to the seafloor while others 

still remain very low (Figs. 23b.1 and b.2). Both sys-

4.3.2 Decreased heat supply 

For the reference system of 2500m seafloor depth, a 

number of simulations have been completed in order 

to assess how a bottom heat source of lower tempera-

ture (200°C – 800°C) affects hydrothermal vent tem-

peratures. This could represent e.g. a scenario of e.g. 

episodic magma injection. 

 In the system with a bottom heat source of 

800°C, convections has started with the number of  32 

regularly shaped plumes that have risen almost 200m 

after 155 years (Fig. 23a.1). After about the same time 

(t=140 years), in the system with 600°C bottom tem-

perature a couple of more, also regularly shaped 

plumes (35) have evolved, but only in the lowermost 

a.1: t = 155 (Tbot = 800°) a.2: t = 140 (Tbot = 600°C) 

b.1: t = 300 b.2: t = 300 

c.1: t = 500  c.2: t = 500 

d.1: t = 3000  d.2: t = 2950  

Simulation 5 & 6: Decreased heat supply - 800°C & 600°C 

°C °C 

Figs. 23a-e. Evolution of hydrothermal convection over a period of 3000 and 2950 years in systems of 2500m seafloor depth 

and a heat source of 800°C and 600°C respectively. In the hotter system final vent temperatures are ~400°C, in the cooler 

system vent temperatures range from abour 350°C to 380°C. Plume splitting occurs in both systems, when plumes have reached 

around half the way towards the seafloor (at 300 years), until the end. Note different color bars. 
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Figs. 24a-c. Hydrothermal convection in a system with 400°

C heat source.  After 2995 years, the end of the run, 8 

vertical, regular plumes have established seafloor venting of 

~250°C. 

Figs. 25a and b. Very late establishing hydrothermal 

convection (after ~3900 years) in a system with 300°C heat 

source. 5 regular plumes have established seafloor venting of 

~150°C after 9990 years. Note different color bars. 

24a: t = 650 (Tbot = 400°C) 

24c: t = 2995 (Tbot = 400°C) 

25a: t = 3900 years (Tbot = 300°C) 

25b: t = 9990 (Tbot = 300°C) 

24b: t = 1490 (Tbot = 400°C) 

°C 

26b:  t = 2950 (Tbot=600°C) 26a: t = 3000 (Tbot=800°C) 

tems have developed rather irregular plume shapes, 

splitting can be observed in a few plumes of each sys-

tem. The number of plumes in both systems has de-

creased to around twenty. In the system with 400°C 

bottom temperature, eight vertical, regular plumes 

have reached about the middle of the system after t= 

1490 years (Fig.24b). No plume splitting or very low 

plumes are observed. The two systems with a heat 

source of  800°C and 600°C, remain rather irregular 

after approximately 500 years, when it comes to plume 

shapes and splitting (Figs.23c.1 and c.2). In the system 

with the hotter bottom temperature of 800°C, six 

plumes have reached the top and established vent sites 

on the seafloor (Fig. 23.c.1). Vent temperatures range 

from around 300°C to 350°C. In the system with the 

lower heat source of 600°C, only four plumes have 

reached the top with venting temperatures of about 

300°C. In the final stage of the runs, after around 3000 

years, in the three systems with heat sources of 800°C, 

600°C and 400°C, seven plumes are actively venting at 

the seafloor (Figs. 23d and e and 24c). The two sys-

tems with the higher bottom temperature remain rather 

chaotic, more so the hotter one (Fig. 23d). The system 

with a heat source of 400°C occurs unchanged with 

regular vertical plumes (Fig. 24c). Venting tempera-

tures of the 800°C – system have stabilized around 

400°C (Fig. 26a), in the 600°C system around 380°C 

(Fig. 26b) and in the 400°C around 250°C (Fig. 26c). 

In the system with the lowest bottom temperature of 

300°C, after t=9990 years, five regular plumes have 

established seafloor venting with temperatures of 

~150°C  (Figs. 25 and 27). 

°C 

Simulation 7 & 8: Decreased heat supply - 400°C & 300°C 
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27: t = 9990 (Tbot=300°C) 

°C 

m 

26c: t = 2995 (Tbot=400°C) 

  

4.3.3 Increased distance to heat source 

An alternative to decreasing the temperature of the 

bottom heat source of the system is to keep its tem-

perature constant at 1000°C while increasing the verti-

cal distance between the seafloor and the heat source 

(simulation 10). In figure 10 the standard system of 

2500m seafloor depth is presented with the vertical 

distance between heat source and seafloor doubled to 

2000m. After approximately 4000 years, six distinct 

vertical plumes accompanied by numerous low plumes 

have established venting at the seafloor. Venting tem-

peratures of around 400°C agree well with the model-

ing outcomes of the reference system (Fig. 28). Com-

pared to reference system with nine venting plumes 

after t=2700 years, the number is reduced to six fairly 

vertical plumes in the current system. The current sys-

tem appears more regular, regarding plume shape and 

orientation than the reference system. Plume splitting 

does not occur. 

Fig. 26a  and b previous page top,  26d above left. Temperature distribution of total volumetric fluid flux through the top 

boundary out of the modeled system during entire simulation 5-7. Dominating vent temperatures are around 400°C, 380°C and 

250°C for 800°C, 600°C and 400°C respectively. 

Fig. 27 above right. Temperature distribution at the top nodes after around 9990 years in the 300°C –system (Simulation 8). 

Vent temperatures oscillate around 150°C.  

Simulation 10: Increased distance to 
heat source (ly = 2000m) 

Fig. 28. Hydrothermal venting at the seafloor in a system 

with increased distance to the heat source (lx = 2000m). 

After 4000 years 6 regular plumes have established 

seafloor venting of ~400°C.           

4.4 Summarized modeling results 
Vent temperatures: During this project executed 

simulations (1-4) with the standard heat source of 

1000°C (Table 2) confirm the hypothesis of the boiling 

curve for seawater constituting an upper temperature 

boundary for hydrothermal venting. Modeled vent 

temperatures from these simulations lie slightly above 

the boiling curve for all seafloor depths: for the refer-

ence system with a seafloor depth of 2500m, vent tem-

peratures deviate with ~20°C from expected ones, for 

the shallowest system with 800m seafloor depth with 

60°C. Moreover there is a clear relation between vent 

temperatures and temperature of the driving heat 

source: the lower the temperature of the driving heat 

source in the bottom of the system is, the lower fluid 

temperatures at seafloor vents are achieved. 

 Start of convection: In the shallowest system 

with 800m seafloor depth convection establishes 

around 100 years later, at t=~280 years, compared to at 

t = ~120-160 years in the three deeper systems. More-

over convection starts later with decreasing tempera-

ture of the bottom heat source. The simulation with the 

lowest bottom heat source of 200°C did not establish 

any convection after t=2000 years.        

 Convection style: Convection style in the 

deeper systems (2500m and 3500m seafloor depth, 

table xx) is more regular regarding to plume shapes. In 

the systems with a low temperature gradient plume 

shapes becomes more regular with decreasing tem-

perature of the heat source. Plume splitting occurs fre-

quently during all simulations but becomes less with 

decreasing bottom temperature and has vanished com-

pletely in the system with a 400°C heat source. The 

number of vent sites that establish on the seafloor 

range from 5-9. All systems with decreased heat sup-

ply develop seven vent sites at the seafloor except the 

coolest one with a 300°C heat source, which produces 

only five. 

 A doubled vertical distance to the heat source 

does not result in significant different vent tempera-

tures, plume number and shapes than the ones 

achieved from the reference system. 
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ues than the ones obtained by Pollack and Chapman  

(2008). An assesment of the debate between Pollack 

and Chapman, (2008) and Hamza et al. (2008a and b) 

is also done by Hofmeister and Criss (2008). 

 In figure 29 most, until today discovered hydro-

thermal vent sites are plotted on a map showing the 

calculated mathematical difference between heat flow 

data of Pollack and Chapman (2008) and Hamza et al., 

(2008a). As described above, this difference is taken 

as a proxy for the total heat loss through the seafloor 

by hydrothermal venting. In many areas a good agree-

ment of discovered vent sites and areas of high heat 

flow, where hydrothermal activity is theoretically ex-

pected, can be seen. The highest heat flow anomaly 

can be observed along the EPR, east of the South – 

and Central American coast, where the density of dis-

covered vents is very high. 

4.5 Global conductive heat flow data 
As described in section 3.1.3 measured conductive 

heat flow data of the ocean floor are lower than theo-

retically expected from the lithospheric cooling model 

(Stein and Stein, 1994) (Fig 9). This difference is 

probably caused by hydrothermal activity, which re-

moves heat from the oceanic crust through convecting 

cold seawater. A debate between Pollack and Chap-

man, (2008) and Hamza et al. (2008a and b) reflects 

this discrepancy: In areas where measured  heat flow 

data are lacking or deviate strongly from the analytical 

solution as in areas of hydrothermal activity, Pollack 

and Chapman (2008) use interpolated values from the 

theoretically expected heat flow. Hamza et al. (2008a 

and b) state that hydrothermal convection does not 

influence the global heat flow budget, so that their 

calculations result in lower conductive heat flow val-

Fig. 29. Global map of calculated difference of conductive heat flow data from Pollack and Chapman, (2008) and Hamza et al. 

(2008a) and most until today discovered  hydrothermal vent sites plotted. Good agreement of heat flow data and hydrothermal ac-

tivity is found along the EPR, east of the South – and Central American coast.  

5 Discussion 
 

5.1 Discrepancy of prediction        
& observation 

The comparison of global hydrothermal vent data 

compiled in section 4.2 with the boiling curve shows 

clearly that hydrothermal vent temperatures cannot be 

predicted from the seafloor depth alone. Temperatures 

of most vent fluids in fact lie far below the curve and 

thus require mechanisms that can explain the devia-

tions. Only from a few vent sites, fluid temperatures 

have been recorded that plot above the boiling curve. 

Also the simulations with standard, 1000°C heat 

source that have been executed during this project 

confirm the boiling curve for seawater as an upper 

temperature boundary for hydrothermal venting. Su-

percritical conditions do not apply to any of the vent 

data; hence supercritical fluids are not expected to exit 

at any of those.  
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5.1.1 Lower than predicted temperatures 

Seawater mixing 

An effective way to explain hydrothermal vent tem-

peratures that are lower than expected from the boiling 

curve is mixing with cold seawater. Rising, hot and 

potentially boiling hydrothermal fluids might mix with 

cold bottom seawater, which migrates down through 

cracks and faults into the seafloor. Figure 30 shows all 

compiled vent data plotted in relation to the boiling 

curve and additional curves that mark the percentage 

of mixing with cold seawater. The boiling curve repre-

sents boiling for a hydrothermal solution of 3.2% NaCl 

and thus 0% mixing. Isographs for 10% - 90% mixing 

with 10°C cold seawater are shown below the boiling 

curve. It is possible to attain the degree of mixing for 

all plotted vent sites from the diagram. For a seafloor 

depth of e.g. 2200m the theoretically expected vent 

temperature is approximately 370°C. The lowest re-

corded vent temperature of about 60°C from that depth 

is from the Red Sea. This can be explained by the mix-

ing of 10% boiling hydrothermal fluid of 370°C with 

90% cold seawater. A major part of all compiled vent 

data can be explained by mixing with up to ~40% of 

cold seawater (Fig. 30). 

 The concept of seawater mixing in hydrother-

mal systems is generally accepted and finds evidence 

in e.g. fluid inclusion studies (e.g. Vanko et al., 2004) 

or studies of fluid chemistry like e.g. the 87Sr/86Sr ratio 

(Teagle et al., 1998). Low temperature hydrothermal 

activity like diffuse venting with fluid temperatures of 

<10°C -50°C and white smoker venting with tempera-

tures between about 100°C and 300°C (more detailed 

in section 2.3) is likely to result from seawater mixing 

processes. A key question for mixing processes might 

be the exact mechanism of fluid recharge into seafloor 

hydrothermal systems. The relative position of re-

charge zones to venting areas is still not completely 

understood. It is generally assumed that fluid dis-

charge occurs close to ridge crests and fluid recharge 

in a certain distance to it (Fig. 3). Kinoshita et al. 2006 

describe recharge and discharge activity of a specific 

vent site in Japan and state that both might be spatially 

closer connected than previously assumed. They dis-

covered recharge zones only tens of meters away from 

active vent sites by conductive heat flow measure-

ments. 

 

Decreased heat supply 

Simulations of hydrothermal systems with a lower 

bottom heat supply (300°C-800°C; simulations 5-8) 

have proven that a decreased temperature gradient 

results in lower fluid temperatures than predicted from 

the boiling curve. Vent temperatures as low as ~150°C 

were achieved for the reference seafloor depth of 

2500m and a bottom temperature of 300°C (Fig. 27). 

That is 235°C less than the predicted 380°C. De-

creased bottom heat supply results in fluid tempera-

tures below the boiling point and is thus an effective 

feature to explain strongly deviating vent tempera-

tures. In order to maintain boiling of hydrothermal 

Fig. 30. Mixing of hydrothermal fluids at the boiling point 

with different amounts (10% - 90%) of cold seawater (10°C). 

A major part of all compiled vent data can be explained by 

mixing with up to ~40% of cold seawater.   

fluids during their circulation through the system I 

thus suppose that the bottom heat source needs to 

reach or exceed the boiling temperature for its respec-

tive depth.       

 Heat supply of natural hydrothermal systems is 

rather a dynamic than a static process. The temperature 

of the driving heat source in the bottom of a hydrother-

mal system is controlled by magma chamber dynamics 

such as episodic melt injection, crystallization proc-

esses as well as shape, size, location and presence or 

absence of an axial magma chamber (Maclennan, 

2004, Tolstoy, 2008 and Cannat et al., 2008). A con-

nection between changed depth to the heat source and 

hydrothermal venting temperatures was not found dur-

ing simulations of this work: a doubled vertical dis-

tance to the heat source did not result in significant 

different modeling outcomes for the reference system 

of 2500m seafloor depth (Fig. 28).     
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tween conductive and advective heat transport in dif-

ferent hydrothermal systems could be gained from the 

comparison of the dimensionless Nusselt Numbers 

calculated during simulations. 

 

5.1.2 Higher than predicted temperatures 

Hydrothermal vent temperatures that plot above the 

boiling curve might result from complex mixing be-

tween boiling hydrothermal fluids with steam phases 

or supercritical fluids. Even if not presented in any of 

the here compiled global vent field data, hydrothermal 

fluids are theoretically able to reach supercritical con-

ditions.  

 Higher than predicted temperatures might in 

fact not be too high, as boiling might have increased 

the amount of NaCl in the fluid, which raises its boil-

ing point (more detailed in section 2.4).  

 Another factor that can result in deviating vent 

temperatures is measuring inaccuracy. Obtained fluid 

temperatures can vary during measurement of different 

areas of a single vent chimney. 

 

5.1.3 Further controls on vent temperatures 

Seafloor hydrothermal systems, which were simulated 

in this work, appeared dynamic: the shapes of hydro-

thermal convection plumes were constantly changing 

and so did the position of the venting regions along the 

ridge axis. Moreover temperature histograms for mass 

and volume flux out of the modeled systems confirm 

that temperatures of exiting hydrothermal fluids fluc-

tuate during a lifecycle of a hydrothermal vent site. 

Therefore, repeated fluid temperature measurements at 

the same submarine vent are not likely to result in the 

same temperature: the vent site might have changed 

appearance significantly or even have vanished. 

 Temperature fluctuations at hydrothermal vents 

are also described by Comou et al. (2006). Their mod-

eled vent temperatures fluctuate over a timescale of 

weeks. They further state that actually observed vent 

temperatures probably shift even much faster. The real 

timescale is difficult to estimate due to insufficient 

time series. Black smoker vent sites in nature are ex-

pensive and time consuming to monitor. Comou et al. 

(2006) propose that vent temperature fluctuations 

might be connected to earthquake induced rapid 

changes in permeability. Also Driesner (2010) points 

out the importance of permeability and fluid properties 

in the control of hydrothermal vent temperatures. 

 

5.2 Implications from conductive heat 
flow data 

The compiled map that shows calculated conductive 

heat flow data that are assumed to be caused by hydro-

thermal activity (Fig. 29), allows a prediction on 

where it is most likely to find new active vent sites on 

the seafloor. In all three major oceans, regions can be 

identified from the map. These regions are located in 

the southern hemisphere: a section on the southern 

Mid Atlantic Ridge from approximately 10°W/10°S to 

In this work compiled vent fluid data from same areas 

mostly show a large spread beneath the boiling curve. 

Some common characteristics for vent data from the 

same region can however be observed: Strongly devi-

ating vent temperatures of under 150°C, which is clas-

sified as low temperature venting, are mainly found in 

subduction or Hot spot settings as well as in the Red 

Sea. All vent temperatures from Gakkel-Ridge, in con-

trast, agree well with the boiling curve. The global 

map of compared observed and predicted vent tem-

peratures, furthermore shows that vent sites in the 

Mediterranean and some sites on the volcanic arc 

north of New Zealand have large deviations. Lowest 

deviations are found on the MAR and on the NEPR. 

These common features for vent data of common re-

gions imply an intimate connection of seafloor spread-

ing rate and vent temperatures. Maclennan (2004), 

Tolstoy (2008) and Cannat et al. (2008) state that tec-

tonic seafloor spreading is closely related to magma 

chamber dynamics beneath MORs. As discussed 

above, magma chamber processes influence the mode 

of hydrothermal activity. At slow spreading ridges e.g. 

the magma chamber is normally positioned deeper 

than beneath fast spreading ridges (see also section 

2.2). Episodic heat supply seems to dominate at slow 

spreading ridges and the lifespan of a driving heat 

source might even be restricted (Cannat et al., 2004; 

Tolstoy, 2008).     

 As highly deviating vent data from the Red Sea 

and vent data from the Gakkel Ridge, which agree 

very well with the boiling curve, both are hosted by 

ultra–slow spreading ridges, there must be a further 

control than seafloor spreading rate for hydrothermal 

vent temperatures. This could be a difference in re-

gional tectonic setting as e.g. thickness of the oceanic 

crust, which in turn influences magma chamber dy-

namics.   

 In natural submarine hydrothermal systems, 

combinations of seawater mixing processes and chang-

ing heat supply are most likely to account for vent 

temperatures that lie below their boiling point. 

 The temperature gradient between seafloor and 

heat source in the bottom of the system, not only influ-

ences vent temperatures but also the time which is 

required to establish hydrothermal convection and 

convection style. With decreasing temperature of the 

bottom heat source, hydrothermal convection needed 

more time to develop and plumes appeared increas-

ingly more regular and plume splitting became less 

frequent. Simulation with the lowest bottom heat 

source of 200°C did not establish any convection after 

t=2000 years. Therefore, temperature gradients in sys-

tems with a low bottom heat source are less or not ca-

pable to drive advective heat transport. The lower the 

temperature gradient is the more dominant seems con-

ductive heat transport to become. Also plume splitting 

as even described by Comou et al. (2006) seems to be 

a feature that is connected to the dominant mode of 

heat transport: during the simulation plume splitting is 

more common in systems with high temperature gradi-

ents. Information about the relative importance be-
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60°S, on similar latitudes eastwards on the entire 

South Eastern Indian Ocean Ridge from around 60°E 

to 150°E/30°S to 60°S as well as on the South Western 

section of the East Pacific Rise. In the northern parts 

of all these regions, vent fields have already been dis-

covered. The probability of finding new submarine 

vents in the described areas is mostly limited by re-

gional weather conditions, which makes those areas 

unfavorable for research cruises. 

 

 

5.3  Model limitations & Outlook 
The simulation of natural processes by computational 

methods always has its limitations. Complex processes 

must be simplified in a way that they can be repro-

duced by computational power. Assumptions must be 

introduced about processes that sometimes are not 

completely understood. Assumptions about hydrother-

mal systems are difficult to prove as it concerns proc-

esses within the seafloor, where direct observations are 

difficult, expensive and time consuming. During each 

numerical simulation project therefore, the question 

naturally suggests itself, of how precisely a numerical 

model reflects the reproduced, real system. Modeling 

results not only depend on assumptions and limitations 

done, but also on model set up and parameter input. 

For the present model it has been shown that outcomes 

vary with depth to the seafloor, temperature of the heat 

source and timestep. Outcomes might further depend 

on position and shape of the heat source, rock perme-

ability, applied numerical method and dimension of 

the modeled domain. It remains to be done to test these 

dependencies. Modeling results earn more weight and 

conclusions get a higher validity, if real collected data 

is used for input parameters and results are compared 

to measured data.  

 If the assumption of constant boiling is incor-

rect for hydrothermal systems, measured hydrothermal 

vent temperatures are not expected to agree with the 

boiling curve for seawater, which is a basic hypothesis 

of this work. Moreover, due to the spatial separation of 

steam during boiling of a hydrothermal fluid, salinity 

increases in the remaining fluid, which in turn raises 

its boiling point. Therefore, the comparison of meas-

ured fluid temperatures with the boiling curve for con-

stant 3.2% NaCl is not entirely correct. In order to 

study respective temperature deviations, a more accu-

rate approximation could be to plot vent temperatures 

together with boiling curves of varying NaCl contents. 

Also in the numerical model boiling of hydrothermal 

fluids is not solved explicitly with different phases, but 

approximated by thermodynamic look up tables that 

are used for physical properties of seawater that 

change with temperature and pressure. This way of 

approximating the boiling process results in a certain 

error in modeled vent temperatures. The problem of 

chemical composition can only be overcome by the 

application of multi phase flow which is able to distin-

guish water and steam phases and to solve for chemi-

cal transport. This requires a more complex mathe-

matical formulation, which exceeds the frame of this 

thesis. Moreover in order to represent more complex 

structures a 3D numerical simulation is required. 

 

6 Conclusions 
 

 Calculations from global heat flow data imply a 

high possibility of finding submarine hydrother-

mal activity in the southern hemisphere of all 

three major oceans: on a section of the Southern 

Mid Atlantic Ridge, on the entire South- Eastern 

Indian Ocean Ridge as well as on the South- 

Western end of the East Pacific Rise. 

 

 Global hydrothermal vent temperatures cannot be 

predicted from seafloor depth, respectively the 

boiling curve for seawater, directly. Most vent 

fluid temperatures measured on the seafloor lie 

below predicted temperatures. None of the com-

piled global vent fluid data reach supercritical 

conditions. Modeled fluid temperatures from the 

numerical simulations agree well with the boiling 

curve for all seafloor depths, which confirms the 

boiling curve as an upper boundary for submarine 

hydrothermal vent temperatures. 

 

 Observed global vent temperatures that plot below 

the boiling curve can be explained by mixing of 

hot hydrothermal fluids with various amounts of 

cold seawater within the oceanic crust close to the 

seafloor. As the majority of recorded vent tem-

peratures globally are lower than predicted, mix-

ing seems to be an important and frequent process 

in marine hydrothermal systems. The major part 

of global vent temperatures can be explained by 

mixing with up to 40% cold seawater. 

 

 Simulations show that a lower temperature gradi-

ent between seafloor and bottom heat source also 

can explain vent temperatures significant lower 

than predicted from the boiling curve for sea-

water. For a hydrothermal system with a typical 

seafloor depth of 2500m and a heat source of 300°

C in the bottom, a modeled vent temperature as 

low as ~150°C, 230°C less than predicted, is ob-

tained. 

 

 In natural hydrothermal systems a combination of 

decreased heat supply and seawater mixing is 

most likely to account for vent temperatures be-

low the boiling curve. Heat supply in hydrother-

mal systems is dynamic. This process is inti-

mately related to tectonic setting, seafloor spread-

ing rate, which controls features of the axial 

magma chamber like shape, size, location and 

potential absence as well as crystallization proc-

esses and episodic magma injection. 
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Appendix I: Abbreviations, glossary, symbols & units 

Abbreviations 

EOS      Equation Of State of seawater 

MOR     Mid Ocean Ridge 

EPR      East Pacific Rise 

MAR     Mid Atlantic Ridge 

VMS     Volcanic Massive Sulphide 

SMS     Submarine Massive Sulphide 

ROV     Remotely Operated underwater Vehicle 

AUV     Autonomous Underwater Vehicle 

FE        Finite Element 

FD/FV  Finite Difference/Finite Volume 

 

Symbols, glossary &            units 

α     thermal expansivity          Pa -1 

β     compressibility          Pa -1 

cp     specific heat capacity - amount of heat (per unit mass) required to   J (kg K)-1 

dt   timestep (distance)  raise the temperature by a given amount   

g    gravity 

J    thermal energy (ρ*cp*T)          (kg m2) s-2 

k      thermal conductivity - the ability of a medium to conduct heat    W (m K)-2 

k   permeability, a measure of how easy fluids can move through a medium  m2 

K     Kelvin 

kg    kilogram 

m   meter or mass (in kg)  

N    shape function - weighting function for Galerkin FE-method 

n    numerical timestep n = 1, 2, 3... 

Nu    Nusselt Number - dimensionless number which gives information about the relative 

Pa    Pascal    importance of convective to conductive heat transport   

P    pressure            bar or Pa 

T    temperature            C° or K  

t    time            s 

μ      viscosity a measure of internal friction in a fluid    kg (m s)-2 or Pa s  

ρ    density    (mass * volume)      kg m-3 

φ      porosity a measure of the void spaces of a medium    vol. fraction or % 

vf      pore velocity of fluid inside the pores       m3s-1 

ux/y   darcy velocity for pressure driven fluid flow 

qmass    mass flux           kg (s m)-2 

qheat    conductive heat flux         W m-2 

δ   weighting symbol (FE notation) 

 

useful relations:  

1 MPa  = 10 bar 

u   = φ  vf  

qmass   = ρ u 

             (mainly from: Turcotte and Schubert, 2002) 
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A. M-file: main.m 
 

% Main script 

clear all 

close all 

set(0,'DefaultFigureRenderer','zbuffer') 

  

% ========================================================================= 

% constants 

% ========================================================================= 

  

km     = 1000; 

yr     = 365*24*60*60;  % in sec 

steps  = 10000; 

lx     = 3600;          % box width 

ly     = -1000;         % box depth 

dt     = 100*yr;        % timestep 

nx     = 200;           % no. of nodes in x-direction 

ny     = 100;           % no. of nodes in y-direction 

nnodel = 4;             % no. of nodes per element 

nnod   = nx*ny;         % no. of nodes total 

nelx   = nx-1;          % no. of elements in x-direction 

nely   = ny-1;          % " " in y-direction 

nel    = nelx*nely;     % no. of elements total 

dx     = lx/nelx; 

dy     = ly/nely; 

nip    = 4;             % no. of integration points 

Ptop   = 3.5e7;         % Pressure at top (in MPa) 

Ttop   = 10;            % Temp at top 

Tbot   = 1000;          % Temp at bottom 

alpha  = 9*1e-4;        % thermal expansivity 

beta   = 4*1e-10;       % compressibility 

T0     = 10; 

P0     = 3.5e7; 

f_prop = 1;             % value on 0 = uses constant values for fluid properties; 1 (or any number) = 

uses PORST table  

 

% ========================================================================= 

% Material parameters 

% ========================================================================= 

  

Rho_f  = 1000;          % fluid density 

Cp_f   = 4140;          % fluid specific heat 

Mu_f   = 8*1e-5;        % fluid viscosity 

G      = 9.8;           % gravity 

Phi    = 0.1;           % matrix porosity 

Perm   = 1e-14;         % matrix permeability 

K_m    = 2;             % matrix conductivity 

Rho_m  = 2700;          % matrix density 

Cp_m   = 880;           % matrix specific heat 

  

% ========================================================================= 

% Construction of GCOORD-matrix 

% ========================================================================= 

  

GCOORD = zeros(2,nnod);          % nodes global coordinates- matrix 

for i  = 1:nnod 

    col         = ceil(i/ny); 

    row         = i - ((col-1)*ny); 

    GCOORD(1,i) = (col-1)*dx;    % x - coordinate of node i 

    GCOORD(2,i) = (row-1)*dy;    % y - coordinate of node i 

end 

  

% ========================================================================= 

% Construction of E2N-matrix 

% ========================================================================= 

  

E2N    = zeros(nel,nnodel);      % Element to Node matrix 

for i  = 1:nel 

    col      = ceil(i/nely); 

    g        = i+(col-1); 

    E2N(i,:) = [g g+ny g+ny+1 g+1]; 

end 

Appendix II: Porous convection source code (Matlab) 
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% ========================================================================= 

% INITIALIZATION 

% ========================================================================= 

  

Phases  = ones(nel,1);           % Element properties 

time    = 0;                     % time variable 

plots   = 20;                    % output interval for saving 

ploti   = 0; 

T      = ones(nnod,1)*Ttop; 

P      = -GCOORD(2,:)'*Rho_f*G + Ptop; 

Ux = zeros(size(T)); 

Uy = zeros(size(T)); 

T_interval             = [60:20:1000]; 

Vol_hist               = zeros(size(T_interval)); 

Mas_hist               = zeros(size(T_interval)); 

mass_flux_out_total    = 0; 

fluid_volume_out_total = 0; 

heat_flow_total = 0; 

  

% ========================================================================= 

% LOADING TIMESTEP 

% ========================================================================= 

  

% dir = 'H:\Christine\Runs\P3.5_05dt'; 

% istep = 1; 

% load([dir num2str_d(istep,5) 'step.mat']) 

[Rho_fnodes, Cp_fnodes, Mu_fnodes,Alpha_nodes, Beta_nodes, Coeff] = fluid_properties(T,P,Rho_f,Rho_m, 

Mu_f,Cp_f,Cp_m, Phi,alpha, beta, T0, P0,f_prop); 

  

% ========================================================================= 

% INTEGRATION STEPS 

% ========================================================================= 

  

for istep = 1:steps 

     

    Told = T; 

     

    %HEAT DIFFUSION 

    [T] = temp2d

(GCOORD,E2N,dt,K_m,Rho_m,Rho_fnodes,Cp_m,Cp_fnodes,Phi,nip,nel,nnodel,nnod,Phases,T,ly,Ttop,Tbot, Uy); 

     

    %HEAT ADVECTION 

    [T] = advect2d(T,GCOORD,Coeff.*Ux,Coeff.*Uy, dt, nx, ny); 

     

    %COMPUTE DELTA T 

    dTdt = (T - Told)./dt; 

     

    %FLUID PROPERTIES 

    [Rho_fnodes, Cp_fnodes, Mu_fnodes,Alpha_nodes, Beta_nodes, Coeff] =  fluid_properties

(T,P,Rho_f,Rho_m, Mu_f,Cp_f,Cp_m, Phi,alpha, beta, T0, P0,f_prop); 

     

    %PRESSURE 

    [P]                                = pressure

(GCOORD,E2N,P,T,Rho_fnodes,Perm,G,Mu_fnodes,nip,nel,nnodel,nnod,Phases,Ptop, dTdt, Alpha_nodes, Be-

ta_nodes,dt,Phi); 

     

    %VELOCITIES 

    [Ux Uy]                            = darcy2d

(GCOORD,E2N,Rho_fnodes,Perm,Mu_fnodes,G,nel,Phases,P,T,alpha,nnod, lx, ly); % darcy mass flux, porous 

flow 

     

    % Mass_flux and Heat flow at each node 

    [Mass_flux_in_nodes Mass_flux_out_nodes,Fluid_volume_out_nodes,Uy_in,Uy_out,nodes_top,Hf] = 

mass_flux(Rho_fnodes,Uy,GCOORD,dx,ly,dy,T); 

         

    %Mass flux histograms 

    for i = 1:length(nodes_top) 

        for j =1:length(T_interval) 

            if (Uy_out(nodes_top(i))>0 && (T(nodes_top(i)) - T_interval(j))< 0) 

                Mas_hist(j) = Mas_hist(j) + Mass_flux_out_nodes(i)*dt; %*dt to get mass not rate 

                Vol_hist(j) = Vol_hist(j) + Fluid_volume_out_nodes(i)*dt; 

                break 

            end 

        end 

    end 
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    % mass flux in at each timesteps 

    mass_flux_in  = sum(Mass_flux_in_nodes); 

     

    % mass flux out at each timesteps 

    mass_flux_out = sum(Mass_flux_out_nodes); 

     

    % heat flow into box at all bottom nodes over all timesteps 

    heat_flow_total     = heat_flow_total + sum(Hf); 

     

    % mass flux total over all timesteps 

    mass_flux_out_total = mass_flux_out_total + sum(Mass_flux_out_nodes)*dt; % total mass out 

     

    % fluid volume at  vents total over all timesteps 

    fluid_volume_out_total = fluid_volume_out_total + sum(Fluid_volume_out_nodes)*dt; % total volume out     

     

    % ===================================================================== 

    % Updating of time variable and timestep dt 

    % ===================================================================== 

     

    vel_max = max(sqrt(Ux.^2+Uy.^2));  % dt dependent on velocity.. 

    if vel_max*dt>=0.5*dx 

        dt  = 0.5*dx/vel_max; 

    end 

     

    time = time + dt/yr; 

    fprintf(1, 'Time (years):      '); tic; 

    fprintf(1, '%6.4f  \n',time); 

     

    % saving and plotting each 'plot´s' step... 

    if(floor(istep/plots)>ploti || istep==1) 

        ploti       = floor(istep/plots); 

         

        % ========================================================================= 

        % SAVE 

        % ========================================================================= 

         

        string      = ['OUTPUT/',num2str_d(istep,5),'step.mat']; 

        save(string,'nx','ny','GCOORD', 'E2N','istep','T','P','Rho_fnodes', 'Cp_fnodes', 

'Mu_fnodes','Alpha_nodes', 'Beta_nodes', 'Coeff','Rho_f','Rho_m', 

'Mu_f','Cp_f','Cp_m','K_m','Ux','Uy','time','dt','Ttop','Tbot','f_prop','Vol_hist','Mas_hist','fluid_volu

me_out_total','mass_flux_out_total','T_interval','heat_flow_total','mass_flux_in','mass_flux_out');         

         

        % ========================================================================= 

        %  PLOTTING 

        % ========================================================================= 

         

         

        X   = reshape(GCOORD(1,:),ny,nx); 

        Y   = reshape(GCOORD(2,:),ny,nx); 

        TT  = reshape(T,ny,nx); 

        PP  = reshape(P,ny,nx); 

        UXX = reshape(Ux, ny, nx); 

        UYY = reshape(Uy, ny, nx); 

         

         

        figure(1), clf, pcolor(X,Y,TT); 

        shading interp 

        colorbar 

        caxis([Ttop Tbot]) 

        title(['Temperature after: ',num2str(time),' years; P: 3.5; 0.5dt']) 

        drawnow 

         

    end 

end 
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B. M-function: temp2d.m 
 

function [T] = temp2d

(GCOORD,E2N,dt,K_m,Rho_m,Rho_fnodes,Cp_m,Cp_fnodes,Phi,nip,nel,nnodel,nnod,Phases,T,ly,Ttop,Tbot,Uy)  

Rhs    = zeros(nnod,1);  %initialization Rhs 

% set local coordinates 

g          = sqrt(1/3);  % variable for local coordinates 

gauss      = zeros(2,nip);  % local coordinates 

gauss(1,:) = [-g g  g -g]; 

gauss(2,:) = [-g -g g  g]; 

 

for iel = 1:nel 

    % element matrices & Rhs 

    Ael    = zeros(nnodel, nnodel); % element stiffness matrix 

    Rhs_el = zeros(nnodel,1);         

    % integration loop 

    for ip = 1:nip         

        % computes shape functions and derivatives @ integration points 

        [N dNds]  = shapes(gauss(1,ip),gauss(2,ip));         

        % set up Jacobian, inverse of Jacobian, and determinant 

        Jac  = GCOORD(:,E2N(iel,:))*dNds'; 

        invJ = inv(Jac); 

        detJ = det(Jac);         

        % compute global derivatives of shape functions 

        dNdx = invJ*dNds;         

        % integrate main model equations;   average rho*cp of fluid & matrix 

        coeff_tmp = Phi(Phases(iel))*(N*(Rho_fnodes(E2N(iel,:)).*Cp_fnodes(E2N(iel,:)))) + (1-Phi

(Phases(iel)))*Rho_m(Phases(iel))*Cp_m(Phases(iel));         

        Ael    = Ael + N'*N*coeff_tmp*detJ + (dNdx(1,:)'*dNdx(1,:) + dNdx(2,:)'*dNdx(2,:))*dt*K_m

(Phases(iel))*detJ; 

        Rhs_el = Rhs_el + N'*N*coeff_tmp*T(E2N(iel,:))*detJ; 

    end     

    % put element matrices into global matrices 

    cols       = ones(nnodel,1)*E2N(iel,:); 

    rows       = E2N(iel,:)'*ones(1,nnodel); 

    kk(iel,:)  = Ael(:); 

    ki(iel,:)  = rows(:); 

    kj(iel,:)  = cols(:);     

    Rhs(E2N(iel,:)) = Rhs(E2N(iel,:)) + Rhs_el; 

end  

A = sparse(ki(:),kj(:),kk(:));  

% apply boundary conditions 

tol = 1e-6; 

Bc_do = find(abs(GCOORD(2,:)-ly) < tol ); 

Bc_up = find( abs(GCOORD(2,:)-0)  < tol & Uy' <0 ); 

for i=1:length(Bc_up) 

    A(Bc_up(i),:)        = 0; 

    A(Bc_up(i),Bc_up(i)) = 1; 

    Rhs(Bc_up(i))        = Ttop; 

end 

for i=1:length(Bc_do) 

    A(Bc_do(i),:)        = 0; 

    A(Bc_do(i),Bc_do(i)) = 1; 

    Rhs(Bc_do(i))        = Tbot; 

end  

 

T = A\Rhs; % solve system of equations 
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C. M-function: advect2d.m 
 

% 2D semi-lagrangian with center midpoint time stepping method 

function [T] = advect2d(T,GCOORD,Ux,Uy, dt, nx, ny) 

% Initial grid and velocity 

X  = reshape(GCOORD(1,:),ny,nx); 

Y  = reshape(GCOORD(2,:),ny,nx); 

VX = reshape(Ux,ny,nx); 

VY = reshape(Uy,ny,nx); 

T  = reshape(T,ny,nx);  

% interpolate velocities/compute tsemperatures 

Xhalf                  = X - dt/2*VX; 

Xhalf(Xhalf<min(X(:))) = min(X(:); 

Xhalf(Xhalf>max(X(:))) = max(X(:)); 

Yhalf                  = Y - dt/2*VY; 

Yhalf(Yhalf<min(Y(:))) = min(Y(:)); 

Yhalf(Yhalf>max(Y(:))) = max(Y(:)); 

Vxhalf                 = interp2(X,Y,VX,Xhalf,Yhalf,'linear'); 

Vyhalf                 = interp2(X,Y,VY,Xhalf,Yhalf,'linear'); 

Xold                   = X - dt*Vxhalf; 

Xold(Xold<min(X(:)))   = min(X(:)); 

Xold(Xold>max(X(:)))   = max(X(:)); 

Yold                   = Y - dt*Vyhalf; 

Yold(Yold<min(Y(:)))   = min(Y(:)); 

Yold(Yold>max(Y(:)))   = max(Y(:)); 

TT                     = interp2(X,Y,T,Xold,Yold,'cubic'); 

 

T = TT(:); 

 

D. M-function: fluid_properties.m 
 

% fluid properties 

function [Rho_fnodes, Cp_fnodes, Mu_fnodes,Alpha_nodes, Beta_nodes, Coeff] = fluid_properties

(T,P,Rho_f,Rho_m, Mu_f, Cp_f,Cp_m, Phi,alpha, beta, T0, P0,f_prop)  

if f_prop == 0;  

    Rho_fnodes  = Rho_f*(1-alpha*(T-T0) + beta*(P-P0)); % density 

    Cp_fnodes   = ones(size(T))*Cp_f;                   % specific heat 

    Mu_fnodes   = ones(size(T)).*Mu_f;                  % viscosity 

    Alpha_nodes = ones(size(T)).*alpha;                 % thermal expansivity 

    Beta_nodes  = ones(size(T)).*beta;                  % compressibility 

else 

    load tables_compress.mat    

    tmin = min(T_TABLE(:)); 

    tmax = max(T_TABLE(:)); 

    pmin = min(P_TABLE(:)); 

    pmax = max(P_TABLE(:));   

    T(T>tmax) = tmax; 

    T(T<tmin) = tmin; 

    P(P>pmax) = pmax; 

    P(P<pmin) = pmin;    

    Rho_fnodes   = interp2(T_TABLE,P_TABLE,RHO_TABLE,T,P); 

    Cp_fnodes    = interp2(T_TABLE,P_TABLE,CP_TABLE,T,P); 

    Mu_fnodes    = interp2(T_TABLE,P_TABLE,MU_TABLE,T,P); 

    Alpha_nodes  = interp2(T_TABLE,P_TABLE,ALPHA,T,P); 

    Beta_nodes   = interp2(T_TABLE,P_TABLE,BETA,T,P);    

end 

 

Coeff = Rho_fnodes.* Cp_fnodes./(Phi.* Rho_fnodes.*Cp_fnodes + (1-Phi)*Rho_m*Cp_m); % Coefficent 

in heat transport-equation 
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E. M-function: pressure.m 

% finite elements: Pressure 

function [P] = pressure

(GCOORD,E2N,P,T,Rho_fnodes,Perm,G,Mu_fnodes,nip,nel,nnodel,nnod,Phases,P_top,dTdt,Alpha_nodes, Be-

ta_nodes,dt,Phi)  

Rhs        = zeros(nnod,1); % initialisation Rhs 

% set local coordinates 

g_x        = sqrt(1/3);      % variable for local coordinates 

gauss      = zeros(2,nip);   % local coordinates 

gauss(1,:) = [-g_x g_x  g_x -g_x]; 

gauss(2,:) = [-g_x -g_x g_x  g_x]; 

 

for iel = 1:nel     

    % element matrices 

    Ael    = zeros(nnodel, nnodel); % element stiffness matrix 

    Rhs_el = zeros(nnodel,1);     

    % integration loop 

    for ip = 1:nip         

        % computes shape functions and derivatives @ integration points 

        [N dNds]  = shapes(gauss(1,ip),gauss(2,ip));    

        % set up Jacobian, inverse of Jacobian & determinant 

        Jac  = GCOORD(:,E2N(iel,:))*dNds'; 

        invJ = inv(Jac); 

        detJ = det(Jac);         

        % compute global derivatives of shape functions 

        dNdx = invJ*dNds;  

        % P- equation with T, alpha/beta 

        coeff_p = (dt*Perm)* (N*Rho_fnodes(E2N(iel,:))) / (N*Mu_fnodes(E2N(iel,:))); 

        coeff_d = Phi*(N*Rho_fnodes(E2N(iel,:)))*(N*Beta_nodes(E2N(iel,:))); 

        % integrate main model equations 

        Ael    = Ael + coeff_d*N'*N* detJ    +   (dNdx(1,:)'*dNdx(1,:) + dNdx(2,:)'*dNdx(2,:))

*coeff_p* detJ; 

        Rhs_el = Rhs_el -  dNdx(2,:)' * (N*Rho_fnodes(E2N(iel,:))) * coeff_p * G*  detJ     +     

N'*N*P(E2N(iel,:))* coeff_d * detJ  +   N'* N*(Rho_fnodes(E2N(iel,:)).*dTdt(E2N

(iel,:)).*Alpha_nodes(E2N(iel,:)))*Phi*dt *detJ; 

    end     

    % put element matrices into global matrices 

    cols       = ones(nnodel,1)*E2N(iel,:); 

    rows       = E2N(iel,:)'*ones(1,nnodel); 

    kk(iel,:)  = Ael(:); 

    ki(iel,:)  = rows(:); 

    kj(iel,:)  = cols(:);     

    Rhs(E2N(iel,:)) = Rhs(E2N(iel,:)) + Rhs_el; 

end  

A = sparse(ki(:),kj(:),kk(:));  

% apply boundary conditions 

tol   = 1e-6; 

Bc_up = find(abs(GCOORD(2,:)-0)  < tol ); 

for i=1:length(Bc_up) 

    A(Bc_up(i),:)        = 0; 

    A(Bc_up(i),Bc_up(i)) = 1; 

    Rhs(Bc_up(i))        = P_top; 

end 

P = A\Rhs; % solve system of equations  
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F. M-function: shapes.m 

 
% shape functiosn Finite Elements 

function [N dNds] = shapes(s1,s2)          

dNds      = zeros(2,4); % derivatives of N. Col 1 for s1, col 2 for s2 

N         = zeros(1,4); 

 

N(1)      = 0.25*(1-s1)*(1-s2); 

N(2)      = 0.25*(1+s1)*(1-s2); 

N(3)      = 0.25*(1+s1)*(1+s2); 

N(4)      = 0.25*(1-s1)*(1+s2);  

dNds(1,1) = 0.25*(-1 + s2); 

dNds(2,1) = 0.25*(-1 + s1); 

 

dNds(1,2) = 0.25*(1 - s2); 

dNds(2,2) = 0.25*(-1 - s1); 

dNds(1,3) = 0.25*(1 + s2); 

dNds(2,3) = 0.25*(1 + s1); 

dNds(1,4) = 0.25*(-1 - s2); 

dNds(2,4) = 0.25*(1 - s1); 
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