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ABSTRACT 

Hydrothermal activity is one of the dominant processes affecting the 

chemical and thermal evolution of oceanic crust at the mid-ocean ridge (MOR), 

but little is known about the sub-surface portions of ridge hydrothermal systems. 

These systems can be investigated using numerical modeling techniques, and mod

els of two-dimensional cross-sections are utilized in this study to investigate the 

behavior of MOR hydrothermal systems. The influence of magma chamber geom

etry is explored by modeling two extremes of proposed geometry. 

Seismological evidence supports a dike-Hke 2 km half-width chamber, and 

models of this chamber indicate that : 1) complete crystallization of the magma 

requires 30,000 years, 2) hydrothermal up flow :and hot springs are concentrated in 

a narrow band within 1.5 km of the ridge axis for the lifetime of the system, 3) 

a large hydrothermal cell forms a...d remains centered above the distal tip of the 

intrusion for the lifetime of the system, 4) effective hydrothermal activity ends by 

70,000 yrs. 

Petrological evidence supports a wide sill-like chamber 15 km in half

width, and models of this chamber indicate that: 1) complet~ crystallization of 

the magma requires 100,000 yrs, 2) hydrothermal vents are present at the ridge 

axis, but most of the vents are located 5-10 km away from the axis, 3) a large 

hydrothermal cell develops at the distal tip of the magma chamber, while a series 

of small but vigorous cells develops directly above the intrusion, both features 

migrate toward the ridge axis as the magma solidifies, 4) effective hydrothermal 

activity ends by 170,000 yrs. 

viii 



ix 

Substantially different hydrothermal systems develop around these two 

chamber geometries and comparison of the models shows this is because different 

patterns of near-critical P-T conditions developed around them. The fundamental 

influence on the na.ture and pattern of hydrothermal circulation at MOR is the 

distribution of near-critical conditions. 



CHAPTER 1 

INTRODUCTION 

Hydrothermal activity is a fundamental geologic process at mid- ocean 

ridges, and has a major influence on the evolution of oceanic crust and ocean 

water; unfortunately, little is known about the nature and pattern of ridge hy

drothermal systems, especially their sub-surface portions. Without this knowl

edge a wide variety of geologic features and phenomena at mid-ocean ridges must 

remain poorly understood. The problem is particularly acute in the study of 

sea-floor hot springs, whose characteristics, distribution in space and time, and 

evolution depend entirely on the nature of sub-surface flow. The magnitude and 

distribution of by-products of ridge hydrothermal activity obviously depend on 

the nature of sub-surface flow, and these by- products include ore deposits, chem

ical and isotopic alteration of ocean crust and seawater, and heat and chemical 

transport in general. This study is intended to fill in some of this missing informa

tion through the application of numerical modeling techniques to investigate the 

nature of sub-surface hydrothermal circulation at mid-ocean ridges and the major 

factors influencing it. 

Hydrothermal circulation is inevitable whenever magmas intrude perme

able, fluid saturated rocks. Mid-ocean ridges are the sites of the most continuous 

and voluminous magmatic activity on the Earth, and therefore they are also the 

sites of the most continuous and voluminous hydrothermal activity on the Earth. 

Because of this strong correlation, particular attention will be paid in this study 

1 
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to the influence of magmatic activity on the nat.ure of hydrothermal activity at 

mid-ocean ridges. 

Mid-Ocean Ridge Environment 

The ridge environment has received a tremendous amount of scientific 

attention, and much is known about the geology and dynamics of mid-ocean ridges. 

This data-base provides the basic constraints for numerical models. Excellent 

general reviews have been written by Lewis(1983) and MacDonald(1986). 

Tectonics 

Mid-ocean ridges are the sites of sea-floor spreading, and new oceanic 

crust is repeatedly created at the ridge axis. The axes are divided into separate 

spreading segments, connected by transform faults. A typical ridge segment is 50 

km long in the Atlantic, spreading episodically (events every 10,000-50,000 yrs) at 

an average rate of 2 cm/yr (MacDonald 1986). At slow spreading centers like the 

mid-Atlantic ridge the crest of the ridge is marked by an axial graben up to 60 km 

wide and 1-3 km deep. In the Pacific spreading rates are 6-9 cm/yr, ridge segments 

are longer (40-140 km long), and the central rifts are replaced by axial highs 8-20 

km wide and 200-400 m high (MacDonald, Sempere and Fox 1984 ). Fast spread

ing ridges develop axial grabens near transform faults, apparently in response to 

decreased magma supply at the distal ends of each ridge segment, providing clear 

evidence for along-axis variability in ridge characteristics (MacDonald 1986 ). 

Magmatism 

Magmatic activity is the crust-forming mechanism at mid-ocean ridges. 

Detailed studies at the ridge axis indicate that igneous activity is episodic, with 
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new eruptions occurring at the surface every 10,000-50,000 yrs in the Atlantic, pro

ducing a discontinuous neo-volcanic zone 1-3 km wide (MacDonald 1986). Fast 

spreading ridges have a nearly continuous but equally narrow neo-volcanic zone 

(MacDonald, Sempere and Fox 1984 ). Rates of magma intrusion from the mantle 

into the crust are unknown, but can be estimated from mass-balance considera

tions. The maximum interval between intrusions Can be calculated by assuming 

a size for the magma chamber, and that the chb.mber fills completely and in

stantly, with no further additions of magma until the next chamber forms. Given 

these assumptions, to maintain a half spreading rate of 2 cmfyr would require 

intrusions every 270,000 years for large chambers (see below) and 50,000 years for 

small chambers. Similar considerations have been used to argue that a steady

state magma chamber should be present at intermediate to fast spreading rates 

(Sleep and Rosendahl 1979,Sleep 1983 ). 

Investigations at the ridge axis indicate that magma bodies are small. 

Seismic studies reveal zones of marked attenuatiop. capped by shallow reflec

tors beneath the ridge crest. These features are thought to represent the body 

and top (respectively) of magma chambers, extending no more than 2 km away 

from the ridge axis (Detrick et al. 1986,McClain, Orcutt, and Burnett 1985 ). In 

a.ddition, petrologic studies of ridge crest basalts reveal large local composi

tional variations, indicating that they were derived from discrete magma bodies 

(Bryan and Moore 197"7,Langmuir, Bender, and Batiza 1986 ) or source regions 

(Shirey, Bender, and Langmuir 1987 ). 

In contrast, data from ophiolites suggest large magma chambers form at 

the ridge; for the Oman ophiolite a 15 km half-width magma chamber has been 

proposed (Pallister and Hopson 1981,Gregory and Taylor 1981 ). Laterallyexten

sive cumulate layers and lack of cross-cutting relationships in the cumulate gabbros 
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support the concept of a large chamber, and laek of cryptic (compositional) varia

tion in the cumulates suggests a steady-state chamber. More recently it has been 

suggested that the Oman rocks were generated by a series of laterally extensive 

(5-6 km half-width) sills (R. Gregory, pers. commun., 1987). 

Hydrothermal Circulation 

The existence of sea-floor hot springs on several ocean ridges pro

vides direct evidence of the widespread occurrence of hydrothermal activity 

(Corliss et al. 1979,Rona et al. 1986 ) and studies of these springs provide use

ful constraints on ridge hydrothermal processes. These springs typically occur in 

several clusters of vents comprising a hydrothermal field. Each cluster occupies an 

area approximately lOOx100 m, while the entire field can be up to half a kilometer 

wide and several kilometers long (Francheteau and Ballard 1983). Known hot 

springs are restricted to the neovolcanic zone in the axial valleys of the mid-ocean 

ridges; none have been found off the ridge axis. 

Other studies demonstrate that hydrothermal activity is widespread away 

from the ridge axis, and may extend below the base of the crust. The de

velopment of multiple convection cells for distances up to 200 km from the 

ridge axis is indicated by the periodic nature of measured heat flow values 

along sections perpendicular to the axis (Williams, vonHerzen, Sclater, et al., 

1974; Ribando, Torrance & Turcotte, 1976; Wolery & Sleep 1976). Recent 

studies suggest that much hydrothermal activity takes place off the ridge axis 

(Morton and Sleep 1985,Bowers and Taylor 1985 ). The pervasive nature of chem

ical and isotopic alteration observed in ophiolites indicates that hydrothermal ac

tivity has a large vertical extent (Spooner et al. 1977,Gregory and Taylor 1981 ), 

and the discovery by Gregory and Taylor of oxygen-isotopic alteration in former 
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mantle rocks at the base of the Oman ophiolite suggests that this hydrothermal 

activity penetrates the base of oceanic crust. 

A number of thermal models have been proposed for mid-ocean ridges, 

and most include some estimate of hydrothermal activity. The most successful 

of these use heat and mass-balance considerations to calculate net fluid fluxes at 

the ridge, without regard to the pattern of sub-surface fluid flow. For example, 

measurements of sea-floor heat flow show that hydrothermal activity dissipates 

two-thirds of all magmatic heat released at the mid-ocean ridges (Lister 1972 ). 

This in turn implies that a volume of sea water equivalent to the entire volume of 

Earth's oceans must pass through and interact with the oceanic crust over a period 

of 5-10 million years (Wolery and Sleep 1976). Chemical models produce similar 

results based on global chemical balances (Wolery and Sleep 1976,Thompson 1983 

) and local balances (Bowers and Taylor 1985 ). 

Several studies investigate the pattern and distribution of fluid and heat 

transport in oceanic environments. Gartling (1982) studied fluid convection in 

oceanic sediments, and Williams, Narasimhan, Anderson, et al. (1986) present a 

flow model for the vicinity of a DSDP borehole on the Costa Rica Rift. Fehn & 

Cathles (1979) published a model for the entire thickness of oceanic crust at the 

ridge in which somewhat arbitrary permeability channels controlled fluid flow, and 

Cathles(1983) has modeled hydrothermal circulation in Kuroko (silicic back-arc) 

environments. Morton and Sleep (1985) discuss the heat sink/source constraints 

of hydrothermal flow in a unique modeling application, concluding that fluid flow 

profoundly influences magma chamber shape. 



CHAPTER 2 

METHOD OF INVESTIGATION 

Direct observation of the sub-surface portions of hydrothermal systems is 

extraordinarily difficult, and is virtually impossible at mid-ocean ridges. Instead, 

we must study analogs to the ridge hydrothermal systems; these can take the form 

of physical or numerical models. Numerical models offer the advantage of extreme 

flexibility, and for that reason they are employed in this study. 

Fluid flow and heat transport in geologic settings can be described using 

mathematical statements of the conservation laws for heat, mass, and momentum. 

These statements can be manipulated to obtain equations for the dependent vari

ables temperature and pressure, which can then be solved to obtain T and P at 

any point and time in the model system. Finally, derivative quantities such as fluid 

velocity and fluid properties can be obtained as functions of computed T and P. 

The basic conservation laws describe balances at a point, but can be extended to 

describe a continuum by treating all quantities as averages over a discrete portion 

of the continuum, or Representative Elemental Volume (REV). All quantities in 

the discussion below represent volume averages, or phase averages for fluid prop

erties, and the equations represent balances over an REV. The detailed derivation 

of the equations governing fluid flow in geologic settings is available in numerous 

sources (Norton and Knight 1977,Norton, unpubl. manuscript 1987) and will not 

be repeated here. 

Some simplifying assumptions are helpful. To simplify the form of the 

basic equations, the effects of changes in fluid density will not be considered except 

6 
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where they affect fluid buoyancy (i.e. the fluid is assumed to be incompressible in 

most cases). A second assumption is that fluids are in thermal equilibrium with 

their host rocks at all times (T, = T,), a reasonable approximation since thermal 

conductivity is much higher for fluids than for rock. 

Some simplifications can be made regarding the problem domain as well. 

Ridge chambers extend for large distances along the ridge axis, and only a short 

distance away from the axis, consequently the system can be approximated by a 

two-dimensional section perpendicular to the axis which requires that little heat 

flow occurs along the ridge axis. Taking the chamber to be symmetric about the 

ridge axis (note actual spreading appears to be asymmetric in the short term; 

MacDonald, 1986), the model can be limited to a semi-infinite half-space bounded 

by the ridge axis. 

Model Equations 

Heat is the energy source driving fluid flow in hydrothermal systems, 

and the mathematical statement of heat conservation provides the fundamental 

equation in this development. This conservation equation relates the change in 

heat content of the REV to the amount of heat carried across the boundary of 

the REV by conduction and convection. Expressing heat in the system as pCpT 

(Norton and Knight 1977 ) and assuming the fluid to be incompressible, conser

vation of heat can be written using the differential form of the transport theorem 

content 

The latent heat of crystallization, Qz/, comprises about one-third of the total heat 

content of mafic magm88, and is incorporated directly into the heat-content term 
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of (2.1). Equation (2.1) is in reality a temperature equation since heat has been 

expressed as a function of T. 

A statement similar to (2.1) can be written to describe conservation of 

fluid mass 
ap at + V. (pv) = 0 (2.2) 

If the fluid is assumed to be incompressible (Le. Pr is invariant in space and time), 

(2.2) reduces to 

(2.3) 

This equation has already been applied to (2.1) to simplify the convec;ive term. 

The third conserved quantity in these models is fluid momentum, and for 

an incompressible fluid, extending the expression for momentum conservation to 

apply to continua results in Darcy's Law 

k 
V = - - (V'P + Prg) 

J.t 
(2.4) 

which assumes a steady-state flow field. An expression for pressure can be obtained 

by applying (2.3) to (2.4) 

V. (~Vp) = - g :z (k;r) (2.5) 

where z is the vertical coordinate and is positive upward. This equation is also 

steady-state, owing to the nature of its derivation. In (2.5) changes in pressure 

depend only on fluid properties, contributions from the rock matrix are not specif

ically included. 

Fluids in the system are approximated by pure H20, and their properties 

are computed as continu-

ous functions of T and P using the extremely accurate equations presented by 

(Haar, Gallagher, and Kell1980,Levelt Sengers, et al. 1983 ) (computer program 
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H2084, Johnson, 1987). This adds a fourth equation to the basic equations of the 

model, the equation of state for pure H20. 

Solution Methods 

Given initial and boundary conditions, equations (2.1) and (2.5) can be 

integrated over space and time to give the transient temperature and resulting 

steady-state pressure fields at any time for the model system. The steady-state ve

locity field can then be obtained using (2.4) (Table 1). The finite element method is 

used to perform the spatial integration in these models, employing quadratic trian

gular elements, and using the modified backward implicit approximation for time

integration (Lapidus and Pinder 1982 ,p. 283). The modified backward method 

treats time-derivative terms with a time-centered difference approximation, and 

space-derivative terms with a backward difference in time. Program MARIAH was 

used to compute the models, a code originally developed by Gartling(1982) and 

extensively modified in our laboratory to. include an accurate equation of state for 

H20, and to reflect the dependent variable formulation outlined above. 

The strong dependence of fluid properties on pressure and temperature 

makes (2.1) and (2.5) a highly non-linear set of equations (Le. the coefficients in 

these equations depend directly on the variables). The solution sequence (Table 

1) treats this non-linearity by introducing a lag of one time step, computing fluid 

properties at the nth time step as functions of the conditions at the previous time 

step. Even with this lag, the non-linear nature of (2.1) and (2.5) can introduce 

solution instability for large time steps because heat convection can outpace the 

numerical rate of propagation in the model. In the finite element formulation, 

heat can move only from an element to its neighbor during a time step; therefore 
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Table 1: Solution sequence. 

For the nth time step quantities are computed in the order listed, where first fluid 
properties, then T, P and v are solved for (i.e. equations (2.1), (2.5), and (2.4) are 
solved sequentially at each time step). Superscript represents time-step number, 
subscript f indicates fluid property. 

Computed quantity as a function of using equation 

1 new fluid properties last T & P 
(p, cP' p" Ie), (Tn-l, pn-l) 

2 newT new fluid props., last T & v 
Tn ( )n Tn-l n-l p,Cp,p"Ie" ,v (2.1) 

3 new P new fluid props. 
pn (p, cp, p" Ie), (2.5) 

4 new v new fluid props., P 
v n (p, cp, p" Ie)" pn, (2.4) 
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axd at defines a maximum numerical velocity, and true velocity must be less 

than or equal to the numerical velocity to avoid solution errors. In this study, the 

instabHity problem was avoided by selecting time steps such that axd at ~ IVil 

known also as a Courant restriction (Huyakorn & Pinder, 1983, p. 206; Roache, 

1972, p. 41). 

Material Properties 

Fluids 

The properties of H20 -rich fluids vary in a highly non-linear fashion in 

the critical region of H20, and this critical behavior has a profound impact on 

hydrothermal systems (Norton, 1984). The transport properties reach extrema in 

the vicinity of the critical point, causing fluid flux and heat transport to be max

imized. Fluid flux is maximized in the critical region because viscosity reaches a 

minimum, and the gradient of fluid density in P-T space becomes large. Recall 

that fluid velocity is equal to the force per unit volume acting on the fluid (pres

sure force+gravitational force), multiplied by a proportionality constant kj J..L (2.4). 

Critical conditions maximize fluid forces by enhancing the likelihood that '\l P and 

Prg will be out of balance as Pc becomes extremely variable, and by increasing 

the size of the proportionality constant in (2.4). Fluid heat capacity reaches a 

sharp maximum under these same conditions, and this m8ximum in heat carrying 

capacity combined with the maximum in fluid velocities results in an enormous 

increase in convective heat transport in the critical region. 

Rock 
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Properties of the matrix, especially permeability, have an important influ

ence on fluid circulation. Unfortunately, permeability is one of the most variable 

and least constrained rock properties. Values used in this study (Table 2) are 

based on estimates for the Skaergaard Intrusion (Norton and Taylor 1979 ) and 

DSDP measurements (Anderson et al. 1985 ). Estimates of flow porosities consis

tent with these permeabilities were determined using total porosity and fracture 

density data from Anderson, et al. and MacDonald (1986). Lateral permeability 

variations are undoubtedly present at the mid-ocean ridges, particularly in asso

ciation with tectonic movements along the axial valley, but specific knowledge of 

their distribution is lacking; therefore permeabilities are treated as uniform and 

isotropic within each geologic unit in the models below. 

The nature of the intrusive rocks is also important. In mod-

els below the magma intrudes at 1250°C, just below its liquidus temper

ature (Usselman and Hodge 1978 ) and remains impermeable until it cools 

to 100°C below its solidus temperature. Upon reaching that temperature, 

the intrusive rocks are assumed to instantly acquire a fracture permeability 

(Knapp and Norton 1981 ) equivalent to that of the surrounding gabbros. The 

magma adds significant heat to the system in the form of latent heat of crystal

lization, and the distribution of this heat is an important variable. Petrologic 

evidence indicates that the final melt fraction (hence the bulk of crystallization 

heat) is found in the upper parts of mid-ocean ridge magma chambers, and there

fore this heat source is concentrated near the top of the magma chamber in the 

models. 

A background geothermal gradient of ,.....- 180°C /km is assumed, consistent 

with heat flow melLBurements (Becker, et al., 1985) and a mantle at near-liquidus 

temperatures for mid-ocean ridge basalts. To simplify the models, the chambers 
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Table 2: Summary of intrinsic material properties used in models. 

Data from Usselman & Hodge, 1978; Clark, 1966. 
All Solids 

heat capacity cp 0.25 eal/gr DC 
thermal conductivity K, 0.0068 cal/em sec DC 

Magma 
7intrueion 1250 DC 

Teolidua 1150 DC 

T,racture 1050 DC 
latent heat of crystallization Qzl 100 cal/cm3D C 
density p 3.0 gm/cm3 

flow porosity ¢ 0.48e-5 
permeability (initial) k 10-19 cm2 

Basalt/Dikes 
density p 2.7 gm/cm3 

flow porosity ¢ 0.48e-3 
permeability k 10-12 cm2 

Gabbro 
density p 3.0 gm/cm3 

flow porosity ¢ 0.48e-5 
permeability k 10-13 cm2 

Mantle 
density p 3.3 gm/cm3 

flow porosity tP 0.48e-8 
permeability k 10-14 em2 
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are assumed to be products of a single, instantaneous intrusive event; the effects 

of sea-floor spreading (matrix advection) are not included. The consequences of 

these simplifications are minor, and are discussed later. 

Choice of Models 

The two lines of geological evidenc;e outlined in Chapter 1 imply sub

stantially different magma chamber geometries at the mid-ocean ridges. These 

extremes in chamber geometry will produce substantially different force fields for 

fluid flow, and consequently will develop profoundly different hydrothermal sys

tems. Both extremes will be modeled in this study in order to directly examine the 

effects of magma chamber geometry on hydrothermal activity at the mid ocean 

ridges. 



CHAPTER 3 

NARROW CHAMBER 

The narrow dike-like chambers proposed from seismic evidence represent 

the minimum probable size for chambers at the ridge axis. McLain, Orcutt & 

Burnett (1985) present a cross-section of such a magma chamber extending 2 km 

from the ridge axis and 4 km vertically, and this is the basis of the narrow model 

(Fig.1). Initial and boundary conditions for the model are summarized in Figs. 

2 and 1, the various material properties used in the model are summarized in 

Table 2. The problem domain was divided into 376 elements using 909 nodes, a 

total of 95 time steps was required to complete the solution. Heat sources were 

concentrated between 1.25 and 1.75 km depth. 

P-T-v History 

The history of hydrothermal circulation around the narrow chamber can 

be divided into three stages based on the magnitude of convective heat and fluid 

transport above the magma chamber From 0-20,000 years convective heat trans

port increases rapidly, from 20,000-50,000 years it reaches a peak and remains 

high, and from 50,000-70,000 years it declines slowly, reaching low values by 70,000 

years. This history is reflected in the variation of fluid flux at the surface (Fig.3). 

15 
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Figure 1: Narrow chamber geometry 

Cross-section showing distribution of lithologic units. Permea.bilities and other 
properties are summarized in Table 2. 
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Figure 3: Narrow chamber, m88S flux at the ocean floor for selected times. 

Instantaneous m88S flux (p • Iv I) at 5,000, 10,000, 30,000 and 70,000 years. Mass 
flux declines rapidly after 20,000 years. Fluid flow is downward at distances greater 
than 2 km from the ridge axis. 
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1,000 yrs 

The control of fluid properties on the distribution of maximum velocities 

is already apparent at 1000 years. A small region of near-critical conditions forms 

just above the intrusion along the ridge axis, and maximum velocities are found in 

that region (Fig.4). The peak buoyancy fo~ces and minimum viscosities are found 

in this small zone above the intrusion, and consequently fluids acquire a strong 

vertical velocity component and move rapidly out of the top of the zone. They 

are replaced by fluids lying farther from the ridge axis which are drawn into the 

bottom of the zone. Up flow is strongly focused at the ridge axis because of the 

tendency of fluids to be attracted to this zone. Critical conditions are not enough 

to insure high fluid velocities however, fluid forces must be non-zero as well. A 

broad region of moderately critical conditions is found at 2 km depth in the distal 

gabbros, but here conditions are stable, fluid forces are balanced, and in spite of 

the moderately critical conditions, high fluid fluxes are not present. 

1,000-20,000 yrs 

The magma decreases to three-fourths its original volume by 5,000 years 

(Fig.5), with crystallization proceeding most rapidly at the distal tip where high 

surface area makes conductive heat loss most rapid. Half the magma remains 

by 10,000 years, and by 20,000 years only 20% remains. The outer portions of 

the intrusion rapidly cool to the fracture temperature, and hydrothermal fluids 

begin to circulate in much of the outer part of the intrusion by 20,000 years. 

Buoyant fluids tr.aveling upward through the intrusion are deflected around the 

remaining magma, but by 20,000 years only a small part of the intrusion remains 
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Figure 4: Narrow chamber: Fluid heat capacity and velocity at 1,000 yrs, 

Contoul's indicate cp values, velocity indicated by vectors in direction of fluid flow, 
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21 

impermeable. Localized high velocities immediately above the chamber result in 

rapid convective heat transport during this time, displacing isotherms upward, 

and compressing them toward the surface. The 100-200°C isotherms are visibly 

displaced at 10,000 years, and by 20,000 years they reach their closest approach to 

the surface. Distally, these same contours are displaced downward by the downflow 

portion of the circulation system. 

By 20,000 years a sharp inflection in the geotherm develops at the location 

of the critical P-T conditions for H20 (Fig.6), reflected by the roughness in 

the 400°C contour (Fig.5). The inflection forms at this location as a result of 

the tremendous increase in convective heat transport. This feature is a natural 

consequence of the properties of H20 and the laws governing heat transport, and 

is formed by two segments of the geotherm that are controlled by low to moderate 

convection of heat, joined by a short segment where state conditions are near

critical and heat convection is extreme. This extreme is primarily the result of 

increased cp of the fluid~ figure (5) shows that fluid velocities are only moderately 

higher in this zone. 

The zone of high velocities seen in figA expands rapidly upward during 

this time (compare with fig.5), but remains very close to the ridge axis. The lo

cation of the zone is also indicated by the maximum contour of time-integrated 

mass flux at the ridge axis, and is always centered on the region of critical condi

tions (-- 350°C at these pressures). Throughout this time period fluid up flow in 

the basalts is concentrated in a narrow zone within 1.5 km of the ridge axis by 

the influence of the critical P-T zone. A. large circulation cell forms in the high

permeability basalts and dikes by 5,000 years, and gradually extends to greater 

depthfi as distal fluids begin to move toward the region of rapid upflow. The center 

of this cell remains just above the distal tip of the intrusion. Downflow rapidly 
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Figure 5: Narrow chamber: T contours, v vectors, and time-integrated mass flux 
contours for selected times. 

The 1150°C contour represents the boundary of the magma. Length of velocity 
vectors is proportional to the magnitude of v . 
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increases in magnitude and extent during this period, and by 20,000 years the 

downward limb of the circulation pattern extends the full thickness of the crust. 

Time-integrated mass flux reaches high values in the upper parts of the gabbro by 

20,000 years. 

At 10,000 years mass flux at the surface reaches a maximum (Fig.3). Peak 

velocities at the surface at this time are about 4x10-7 cm/sec corresponding to a 

true velocity of about 1x10-3 cm/sec in flow channels. If the flow porosity over an 

area of 6x104 m2 (i.e. a square 250 m on a side) were channeled into a single vent, 

fluid velocities would be equivalent to the maximum values reported for sea floor 

hot springs (2.4 m/sec, Converse, et al. 1984). This ~rea is roughly consistent with 

the spacing of vent clusters in known vent fields, but suggests that groups of high 

velocity vents must be fed by vertically extensive zones of enhanced permeability. 

30,000-50,000 yrs 

Only a trace of magma remains by 30,000 years, and the intrusion is 

completely crystallized by 35,000 years. After 25,000 years, isotherms begin to 

move downward as convective heat transfer slowly declines throughout the system. 

The zone of hydrothermal outflow remains narrow at the surface, but with the 

retreat of the zone of critical conditions downward hot spring activity rapidly 

declines. After 30,000 years the entire intrusion becomes permeable, and fluid flow 

is chiefly vertical throughout the intrusion. Fluid flow in the gabbros continues 

at relatively high rates during this period, and time-integrated mass flux nears its 

final values by 50,000 years. 

50,000-70,000 yrs 

Isotherms continue t~ collapse downward during this time and the zone of 
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maximum velocities continues to retreat toward the intrusion. The concentration 

of upflow at the ridge axis produces a strong maximum in integrated mass flux 

there, while mass flux associated with downflow produces a secondary maximum at 

the distal tip of the intrusion. Relatively high values (5 kgjcm2
) of integrated mass 

flux extend to 4 km depth by 70,000 yrs. Although determining the extent and 

degree of alteration is not possible without a transport model, it is worth noting 

that similar values of fluid flux were sufficient to produce the observe alteration at 

the Skaergaard Intrusion (Norton and Taylor 1979 ). The temperature anomaly 

associated with the intrusion has cooled to one-third its original value by 70,000 

yrs, and throughout the system convective heat transport has declined to low 

values (Fig.3). 

Summary 

1. The magma crystallizes completely in 30,000 yrs 

2. Fluid up flow in the r00f rocks and hot spring activity at the surface is re

stricted to a narrow 1 km wide zone immediately adjacent to the ridge axis 

for the lifetime of the system 

3. Fluid flux at the surface increases rapidly with time, reaches a maximum at 

15,000 years, after most of the magma has crystallized, then declines slowly 

4. Mass flux integrated over the lifetime of the system is high through the full 

thickness of the crust, but is distributed non-uniformly in the roof rocks. The 

potential for significant rock a'iteration ~xists to depths of at least 4 km 

._ ... ------_. ----------------------------------
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5. The lifetime of the hydrothermal system (as defined by the time required to 

dissipate two-thirds of the initial thermal anomaly) is 70,000 yrs, more than 

twice that of the magma 



CHAPTER 4 

WIDE CHAMBER 

The wide sill-like chambers proposed from ophiolite data imply much 

more broadly distributed thermal input into the ridge environment than in the 

narrow case, and therefore should develop a much more dispersed hydrothermal 

system. A cross-section presented by Pallister & Hopson (1981) is the basis for 

this model, slightly modified to include the same thickness of roof rocks as in 

the narrow case. The magma chamber extends 15 km away from the ridge axis, 

tapering from 4 km in height at the axis to a point at its distal end (Fig. 7). Initial 

and boundary conditions (Fig.8) are identical to those for the narrow chamber. 

Heat sources were concentrated between 1.5 and 3.0 km depth for this model. The 

problem domain was divided into 430 elements using 909 nodes, 225 time steps 

were required to complete the solution. 

P-T-v History 

The history of hydrothermal circulation in this system can also be divided 

into three stages, although the history of convective heat and fluid flux at the 

surface is more complicated than in the narrow case (Fig.9). From 0-30,000 fluid 

flux increases rapidly in the basalts and at the surface, from 30,000-70,000 it 

reaches its peak and remains relatively high, and from 70,000-170,000 fluid flux 

decreases slowly, reaching very low values by 170,000 years. 

28 
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0-30,000 yrs 

A broad zone of high fluid velocities forms by 10,000 years, located imme

diately above the magma chamber where P-T conditions are near-critical (Fig.lO). 

Several small convection cells associated with this critical zone form in the perme

able layer above the magma chamber, with a small but vigorous cell appearing at 

the ridge axis (Fig.H). This circulation cell develops just above a set of intrusive 

'dikes' (the small triangular extension of the magma chamber at the ridge axis), 

and disappears after the dikes have cooled (by 30,000 years). 

Rapid solidification of the magma takes place at the distal tip of the 

intrusion in response to high conductive heat transport where surface area is large. 

About one-fifth of the intrusion is solid by 10,000 years, and two-fifths by 30,000 

years. During this period most of the intrusion remains impermeable, and only 

at the distal tip can fluids move upward from the gabbros into the basalts. As a 

result, the equivalent of the large circulation cell found near the ridge axis in the 

narrow case forms far from the axis at the distal tip of the wide chamber. Nearer 

the ridge ax1S only small cells form, isolated from the gabbros by the impermeable 

magma. Just above the magma chamber strong fluid influx into the broad critical 

zone, combined with the presence of the impermeable magma, channels flow into 

a narrow band of chiefly horizontal flow at the base of the basalts. This band 

extends above the full length of the magma chamber at 10,000 years, but begins 

to break down by 30,000 as the region of critical conditions expands, and fluids at 

the base of the basalt more buoyant and travel upward instead. 

The scale of this model makes it more difficult to resolve the effects of 

convection in the isotherms. Small displacements in the 200-400°C contours at 
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30,000 years are the product of the small circulation cells in the basalts. Distal to 

the tip of the magma chamber, the 200°C contour is depressed slightly by 30,000 

years. Because of the transient nature of the small circulation cells in the basalts, 

no sharp jump in the geotherm develops above the' intrusion, in contrast to the 

narrow case. The flat contours of integrated mass flux reflect the rapid onset of 

circulation throughout much of the basalts, but because it depends on fluid density 

as well as velocity, ma.~s flux is actually highest just above the zone of maximum 

velocities. By 30,000 integrated mass flux has reached quite high values in parts of 

the basalts, and moderate values in the upper gabbros at the tip of the intrusion. 

30,000-70,000 yrs 

During this period, the liquid portion of the intrusion continues to retreat 

rapidly away from the distal tip of the chamber, obtaining a shape similar to that 

of the narrow chamber by 50,000 years. At 50,000 years about one-fifth of the 

intrusion remains liquid, by 70,000 years only 10% remains. With the retreat of 

the solidus isotherm, more of the distal portion of the intrusion becomes permeable, 

and the large circulation cell at the intrusion tip begins to involve rocks closer to 

the ridge axis. By 70,000 years the distal 10 km of the intrusion have become 

permeable and are affected by fluid flow. 

The effects of convection on the temperature contours remains visible, 

with small upward and downward displacements appearing at 50,000 and 70,000 

years. Distal depression of the 200°C contour is faintly visible at 70,000 years. 

During this time period critical conditions make their closest approach to the 

surface, appearing within 500 m of the surface at 50,000 years. This is also the 

time of maximum surface fluid flux (Fig.9). 
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Velocities ill the portion of the large circulation cell affecting the gabbros 

increase during this period. As the large cell increases in size, its center moves 

toward the axis as well, in response to the retreat of the impermeable portions of 

the intrusion. The magnitude of horizontal flow at the base of the basalts begins 

to decrease and the band moves toward the axis as the permeability barrier formed 

by the magma shrinks toward the ridge axis. Integrated mass flux contours have 

reached near-final values in the basalts by 70,000 years, and extend deep into the 

distal gabbros by this time as well. 

70,000-170,000 years 

The magma has completely solidified by 120,000 years. Near- solidus tem

peratures in the lower crust stabilize the final melt fraction in this area. Given the 

high background geothermal gradient this distribution of final melt was unavoid

able without extreme concentration of heat sources at the top of the intrusion. 

Soon after 70,000 years the entire upper portion of the intrusion is permeable, 

and fluids in the intrusion begin to flow laterally and upward toward the basalts. 

After 70,000 the isotherms begin to retreat slowly downward as the magnitude 

of convection declines. Some displacements are present in the 200°C contour at 

100,000 years, the last local effects of convection visible in this model. 

The zone of horizontal flow at the base of the basalts reaches the ridge 

axis at 100,000 years, and surface flux at the axis increases for a short time as a 

result. Before this time, surface mass flux at the ridge axis is inhibited by the low 

permeability of the intrusion. The large circulation cell affects the entire intrusion 

and most of the underlying gabbros by 100,000 years. High integrated mass flux 

values are found in the gabb:ws below the intrusion tip, and moderate values are 

present in the upper mantle rocks as well. Final integrated mass flux values are 
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sufficient to produce significant rock alteration throughout the crust and upper 

portion of the mantle as well. Bf 170,000 years, the average temperature of the 

intrusion has cooled to one-third its initial value, and the system returns to a 

conduction-dominated state. 

Summary 

1. The magma crystallizes completely in 100,000 years 

2. Several small but vigorous convection cells form in the basalts above the 

intrusion. Maximum integrated mass fluxes associated with these cells are 

distributed irregularly in the basalts 

3. A large convection cell forms at the distal tip of the intrusion, and gradually 

moves inward and engulfing the small cells in the basalts as the intrusion 

becomes permeable 

4. Surface fluid flux occurs over a broad zone extending 10 km from the ridge 

axis and is high from 50,000 to 100,000 years 

5. Surface fluid flux reaches a maximum at 50,000 years 10 km away from the 

ridge axis, but peaks at 100,000 years for vents at the axis 

6. High values of integrated mass flux are found in the gabbros below the tip of 

the intrusion, and moderate values extend below the gabbros into the mantle 

rocks, with potential for significant rock aiGeration throughout the thickness 

of t,he crust and uppermost mantle 

7. The system cools to 1/3 the original thermal anomaly by 170,000 years 



CHAPTER 5 

DISCUSSION 

The models presented above demonstrate that profoundly different hy

drothermal systems will develop around the two extremes of proposed magma 

chamber geometry. By its~lf this is not a novel conclusion, given a larger more 

broadly distributed magma chamber, a broader and more vigorous hydrothermal 

system forms; however, an important underlying principle emerges from compar

ison of the two models. The development of a zone of critical conditions i!': the 

basic driving mechanism in mid-ocean ridge hydrothermal systems, and the form 

of this zone controls the pattern and evolution of hydrothermal circulation. The 

different chambers produced different patterns of critical T-P conditions, and that 

led to profoundly different hydrothermal systems. Given an understanding of this 

driving mechanism, the style of hydrothermal circulation around any proposed 

magma chamber can be predicted. In addition, th~ influence of factors such as 

multiple intrusions and sea-floor spreading can be evaluated by considering their 

interaction with the zone of critical conditions. 

Two other general features of mid-ocean ridge hydrothermal systems are 

clear in the above models. The first is that there is a significant delay between the 

intrusion of magmas and the peak of hydrothermal activity at the surface. This 

delay is directly proportional to the thickness and permeability of the roof rocks, 

and is a consequence of the time required for fluids to travel from the 'top of the 

chamber to the surface. A second important feature is that hydrothermal activity 

39 
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at and below the surface persists for nearly twice the lifetime of the magma. 

Both these features serve to weaken the correlation between surface hot-spring 

activity and active magma chambers, indicating that vigorous hot-springs are not 

necessarily indicators of liquid magma in the sub-surface. 

Both models yielded values of time-integrated mass flux of at least 5 

kg/cm2 through most of the gabbros, and up to 2 kg/cm2 in the upper mantle 

rocks for the wide chamber. The wide chamber produces more fluid flow in the 

deep rocks because of its larger up flow zone, larger net hydrothermal outflow, 

and consequently greater demand for resupply from the deep crustal rocks. Since 

these magnitudes of integrated flux are similar to those modeled by Norton & 

Taylor (1979) for the Skaergaard Intrusion, it appears that chemical and isotopic 

alteration of the entire thickness of oceanic crust is achieved at the ridge (as 

proposed by Gregory & Taylor, 1981). 

Spreading and Multiple Intrusions 

Several potentially serious simplifications are made in the above models, 

perhaps the most important was the omission of the effects of sea-floor spreading 

and multiple intrusions. Fortunately, lateral transport of heat and material owing 

to sea-floor spreading, as well as multiple injections of magma at the ridge axis 

would have only minor effect on the results, serving primarily to reinforce the 

patterns of hydrothermai activity observed in the simplified models. The principal 

effect of spreading on the wide chamber would be to carry the zone of critical 

conditions and impermeable parts of the intrusion fa!'ther away from the ridge axis, 

further broadening the zone of fluid upflow. In the case of the narrow chamber 

the conditions that focus upflow near the ridge axis would be extended away from 
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the axis, but only by a short distance since little horizontal movement can take 

place in the brief lifetime of the narrow hydrothermal system. 

An added effect of sea-floor spreading would be to reduce horizontal fluid 

velocities (which ere chiefly ridgeward in the models) by the speed of the spreading 

plate. In the gabbroic rocks, fluid velocities are of the same order of magnitude 

as typical plate velocities, and therefore relative to a fixed frame of reference hori

zontal fluid velocities could be near zero in the lower crust. This would emphasize 

the primarily vertical flow seen in the narrow model, and reduce the degree of 

horizontal transport in the wide model. 

The principal effect of multiple intrusive events on the model results would 

be to raise the background geothermal gradient present at the beginning of each 

intrusive cycle. This alone would have little influence on the patterns of hydrother

mal activity, but the reinforcement of the impermeable zone created by the magma 

would deflect deep fluid flow away from the ridge axis. For the narrow chamber, 

this deflection would be too small to affect the distribution of surface fluid flux, but 

for the wide chamber the maximum surface fluid flux would be displaced farther 

from the ridge axis. 

Fracture Zones 

Another serious assumption is that permeability is uniform and homoge

neous in each rock unit. The influence of such zones depends chiefly on how they 

interact with the zone of critical conditions. Fractures reaching the surface would 

strongly control the location of hot springs (see Fehn & Cathles, 1979; Little, 1987) 

but their influence on sub-surface flow depends largely on whether they intersect 

the zone of critical conditions. If fractures extend from the surface into or beyond 
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the zone of critical conditions they will form the major pathways of fluid flow 

(both upward and down) l".nd may have a major effect on the entire flow field. If 

on the other hand fractures do not reach the zone of critical conditions, they will 

influence only the local flow field, and not the general circulation pattern. This is 

because they would have little effect on the distribution of critical conditions, or 

on the movement of fluid into and out of the critical zone. 



CHAPTER 6 

CONCLUSIONS 

The models in this study establish a first-order relation between magma 

chamber geometry and the patterns of hydrothermal activity at mid-ocean ridges. 

Two extremes of chamber geometry have been proposed in the literature, based on 

separate lines of evidence. Petrologic evidence seems to demand a wide chamber, 

and if such chambers are present at the ridge axis significant levIes of off- axis hy

drothermal activity will take place, including hot springs and alteration of crustal 

:cocks. If the distal parts of these chambers have an appreciable thickness (~ 1 

km), off-axis hot springs will be longer lived and vent much greater quantities of 

fluid than their on-axis counterparts. Seismic data at the ridge axis may not rule 

out wide chambers, since the distal portions of such chambers will cool rapidly, 

resulting in a narrow-like chamber for the latter two-thirds of the lifetime of a 

wide chamber. 

In contrast, if the petrologic evidence can sOII'.ehow be dismissed, then the 

seismic data could be accepted at face value as limiting possible chambers to less 

than 2 km width. Hydrothermal activity related to such chambers will be tightly 

focused along the ridge axis, consistent with current data indicating detectable 

surface hydrothermal activity is restricted to a narrow zone at the axis. 

True ridge chambers may be some hybrid or intermediate between the 

extremes modeled above. In general, any chamber or series of chambers that 

produce a zone of critical conditions sloping upward toward the ridge axis will 
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produce a focused zone of upflow and hot spring activity. Chambers that produce 

a wide flat critical zone will produce wide regions of up flow and hot spring activity. 

Strong hydrothermal circulation in the gabbros will be found outside the distal 

end of all but the narrowest chambers. 

The relation between chamber geometry and pattern of hydrothermal ac

tivity is almost entirely a function of the distribution of critical T-P conditions. 

This concept can be applied without further resort to numerical modeling to pre

dict the general nature of sub-surface hydrothermal activity for any given form or 

combination of magma chambers at the mid-ocean ridge. Given the current state 

of knowledge about ridge geology, and particularly about magmatisim and rock 

permeability, only this kind of general result can be obtained from numerical mod

eling. Hopefully as more detailed information becomes available, more accurate 

simulations of the ridge environment will be possible. 



APPENDIX A 

GLOSSARY OF SYMBOLS 

Units 

English Symbols Meaning CGS SI 

cp isobaric heat capacity cal/grOC J/grOC 

g gravitational constant cm/sec2 m/sec2 

g gravitational force vector cm/sec2 m/sec2 

k rock permeability cm2 m2 

P total pressure barye pascal 

Qzl latent heat of crystallization cal/cm3OC J/m3°C 

T temperature °C °C 

TJ fluid temperature °C °C 

Ta rock temperature °C °C 

v Darcy velocity vector cm/sec m/sec 

Vi velocity component cm/sec m/sec 

in the ith direction 

Xi coordinate in the cm m 

ith direction 

z vertical coordinate cm m 

(positive upward) 
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Units 

Other Symbols Meaning 

t:1.t time step sec sec 

t:1.x; space step in ith direction cm m 

I\, thermal diffusivity cm2/sec m2/sec 

J1, dynamic viscosity gm/cm sec kg/m sec 

<P porosity 

P rock density gm /cm3 kg / m3 

Pr fluid density gm /cm3 kg / m3 
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