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Controls on the physics and chemistry of
seafloor hydrothermal circulation

By AbDAM SCHULTZ AND HENRY ELDERFIELD

University of Cambridge, Department of FEarth Sciences, Downing Street,
Cambridge CB2 3EQ, UK

Low temperature diffuse hydrothermal circulation is a natural consequence of the
cooling of the oceanic lithosphere. Diffuse flow is expected to be ubiquitous, and will
be present both within mid-ocean ridge crest axial zones of young age (0-1 Ma), and
also on the older ridge crest flanks and limbs. If underlying thermal models are cor-
rect, hydrothermal circulation should persist for oceanic lithosphere of age 0-65 Ma,
and is present over half the total area of the ocean basins. By using numerical mod-
els of hydrothermal circulation in cracked permeable media, we show qualitatively
how diffuse flow is an intrinsic feature of high temperature axial (0-1 Ma) hydrother-
mal systems, and is not restricted to older (more than 1 Ma) lithosphere. This is in
agreement with our field observations which suggest that in such high temperature
vent fields the greatest part of the heat and volume flux is due to lower temperature
diffuse flow, rather than high temperature black smoker venting.

By combining direct measurements of the physical properties of diffusely flowing
effluent within axial hydrothermal systems with concurrent sampling of the chem-
ical properties of that efluent, and by considering also the chemistry of unmixed
black smoker endmember fluids from the same hydrothermal systems, the processes
of mineral deposition and dissolution can be studied directly. By referring to the
present-day lithology of such areas, it is possible to examine the balance between
concurrent mineral deposition and dissolution processes, and the retention rate of
specific mineral assemblages integrated over the history of the hydrothermal system.
Thus details of the episodicity of hydrothermal venting within the system may be re-
vealed. An example of this method of combining a variety of direct measurements of
diffuse and high temperature efluent properties is given from the TAG hydrothermal
field, Mid-Atlantic Ridge.

Long time series observations of the physical properties of diffuse and high tem-
perature effluent reveal the importance both of tidal variability and also the response
to changes in the permeability structure of the system brought about by natural and
anthropogenic processes. Several mechanisms are considered to explain the relation-
ship between ocean tidal loading, solid Earth tidal deformations, and the observed
changes in flow within axial hydrothermal systems.

1. Introduction

The dominant means by which the newly emplaced axial (age 0-1 Ma) oceanic litho-
sphere is cooled is through the advection of seawater into, and circulation through,
the cracked permeable seafloor. The higher temperature part of that process has

Phil. Trans. R. Soc. Lond. A (1997) 355, 387-425 © 1997 The Royal Society
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388 A. Schultz and H. Elderfield

received the greatest theoretical and experimental interest since the initial discovery
of high temperature venting in the Galapagos (Corliss et al. 1977). In the present
paper we consider the lower temperature more diffuse component of that circulation.
Diffuse hydrothermal fluids circulating through the oceanic lithosphere and subse-
quently emitted into the water column present an observational challenge. This mode
of flow is associated with low rates of fluid transport. Diffuse efluent temperature
may be elevated only slightly above that of ambient seawater, and diffuse effluent
velocity may span the range of centimetres per second (Schultz et al. 1992) down to
rates just in excess of molecular diffusion. Furthermore, plumes of hydrothermal ef-
fluent resulting from diffuse sources may not necessarily be entrained into local high
temperature plumes, and thus might not be carried into the water column efficiently
(Schultz et al. 1992; Rosenberg et al. 1988).

Under certain conditions diffuse plumes may be sufficiently saline when mixed
with seawater such that they are non-buoyant (Turner & Gustafson 1978), and thus
may have little signature in the overlying water column. It is possible that effluent
may pool along the seafloor, or under the appropriate range of physical and chemical
conditions, may form warm briny submarine aquifers. This complicates efforts to
quantify hydrothermal fluxes within such systems.

It is therefore appropriate to consider further the physics and chemistry of the
lower temperature component of seafloor hydrothermal circulation, and to give spe-
cial attention to the observational problems these fluids entail. Constraints on the
total heat flux available to drive hydrothermal circulation globally and the distri-
bution of that flux with lithospheric age are based largely on parametric thermal
models. We review in some detail the assumptions behind these underlying models
and discuss the uncertainties that arise in estimates of the total volume of seawater
circulating through and interacting with the oceanic lithosphere.

We present data obtained from direct seafloor measurements of the physical and
chemical properties of diffuse hydrothermal effluent. These were obtained during
the joint British—-Russian BRAVEX/94 MIR submersible expedition to the TAG
(26°08" N, 44°49" W) and Broken Spur (29°10" N, 43°10" W) vent fields, Mid—Atlantic
Ridge, during the period August—October 1994. Further data were recovered dur-
ing the joint US-British Atlantic II Alvin Leg 132-02 return expedition to TAG in
February—March 1995. The samples were obtained from the ‘Medusa’ hydrothermal
monitoring system, a set of instruments that capture fluid samples and measure
effluent velocity and temperature directly at the point of emission on the seafloor
(Schultz et al. 1996). These instruments were used to monitor the hydrology of the
TAG mound before, during and after Ocean Drilling Program (ODP) leg 158, and
also to map the advective component of heat flux density during those times.

2. Underlying thermal models

It is the cooling of the newly formed oceanic lithosphere that provides the source
of heat to drive hydrothermal circulation. In the following section we review the
underlying theoretical and observational basis of our understanding of that process.

We consider two methods of establishing the total budget of heat available to drive
global seafloor hydrothermal circulation. The first method is based on considering the
thermal behaviour of the oceanic lithosphere as equivalent to that of a conductively
cooled plate. The second method considers the total global ridge crest magmatic
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Figure 1. Schematic diagram of lithospheric cooling represented by conduction through a
two-dimensional plate heated from the side and below.

budget and uses this, as well as knowledge of the latent heat of crystallization and the
specific heat of seawater to place bounds on the heat available to drive hydrothermal
circulation.

(a) Conductively cooled plate model

The difference between the heat flow predicted from a model representing the
purely conductive cooling of the oceanic lithosphere (McKenzie 1967) and that ob-
served globally from seafloor heat flow measurements is taken to be due to the heat
carried away from the slab through advection, i.e. seafloor hydrothermal circulation
and venting. This follows a tradition dating back at least as far as Parsons & Sclater
(1977).

In the Parsons & Sclater model (figure 1), T is temperature, 7} is a constant
temperature applied to the base of the model and to the vertical planar origin at
horizontal distance x; = 0, « is the thermal expansion coefficient, p,, the density of
seawater, pg the density of 0 °C lithosphere, p,s; the density of aesthenosphere, d,, the
asymptotic depth to the seafloor at large distances from the ridge, a the asymptotic
thickness of the lithosphere, and ae(z;) is the displacement of the bottom of the
lithosphere above a somewhat arbitrary level of compensation. The ridge is elevated
above such a reference level due to the thermal expansion of the hotter materials near
the ridge crest relative to the thermal contraction of cooler materials at distance from
the ridge.

The topographic anomaly due to thermal expansion effects is (Davis & Lister 1974)

h = aeg /OOO{Tl —T(2)}dz = (2/v/7) s Ty Vkt, (2.1)

where aeg, the effective thermal expansion coefficient, is modified for isostatic equi-
librium (i.e. the material expands thermally but then is further compressed or dilated
through changes in hydrostatic pressure due to changes in the height of the overlying
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390 A. Schultz and H. Elderfield

water column) thus
Oeff = P, (2.2)
Po — Pw
The assumption of isostatic equilibrium is justified on the basis of marine gravity
data. These reveal that on a gross scale mid-ocean ridges are not associated with
significant free-air gravity anomalies. By assuming perfect isostasy we take the litho-
sphere to float atop a semi-fluid aesthenosphere, which is equivalent to maintaining
a constant-pressure zone at depth. There is therefore no mechanical impediment to
the subsidence of oceanic lithosphere after cooling.
The non-dimensional heat transport equation is given for the present example by
Parsons & Sclater (1977),
0? a ,, 0?
R
where the primes denote non-dimensional variables T' = T/ 7", z; = ax!, and z5 =
axl. The Peclet number (i.e. the thermal Reynolds number, e.g. the ratio of heat
convection to heat conduction) is given by Pe = wa/2k, where k is the thermal
diffusivity and w is the ridge crest half-spreading rate.
The solution for the non-dimensional heat flow equation which satisfies the bound-
ary conditions given in figure 1 is

T =0, (2.3)

&0 -1 n+1
T=(1-2)+2 ; % sin(nmxg)e Hnt, (2.4)
where
tn = [(Pe? + n*7%)Y? — Pe]. (2.5)

When the product of the age of the lithosphere and the thermal diffusivity is much
less than the square of the asymptotic plate thickness, the above relationship assumes
the form

T ~ erf[l — a4 /2t"/?]. (2.6)
Lister (1972) obtained the above expression for the temperature inside a semi-infinite
halfspace cooled from a uniform temperature through vertical conduction. Parsons
& Sclater (1977) find that the general solution to the two-dimensional heat flow
equation reduces to Lister’s halfspace form also when x Pe >> 2. For a reasonable
set of thermal conductivities this condition holds for all lithosphere older than 1 Ma
regardless of the spreading rate.

(i) Predictions of bathymetry and heat flow

From the Parsons & Sclater model one can predict simultaneously the bathymetric
height and the heat flow due to thermal conduction for seafloor of a given age. There
is good agreement, to first order, between observed broad-scale seafloor bathymetry
and that predicted from the cooling plate model (Parsons & Sclater 1977; Sclater et
al. 1980; Stein & Stein 1992, 1994), i.e. the height of the seafloor scales proportion-
ally with the square-root of age. While Carlson & Johnson (1994) suggest that the
cooling plate model fails to fit seafloor bathymetry systematically for lithospheric
ages greater than 81 Ma, this is a second order effect, and is observed for ages at
which there is no longer direct evidence of hydrothermal circulation.

The general concurrence between the predicted and observed seafloor bathymetry

Phil. Trans. R. Soc. Lond. A (1997)


http://rsta.royalsocietypublishing.org/

'\
/N
JA \
A A

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

A\

y \

P

THE ROYAL A

A A

N

0\

SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

Controls on hydrothermal circulation 391

suggests strongly that the underlying thermal model approximates to a reasonably
accurate degree the product of the true temperature distribution and the effective
coefficient of thermal expansion. This is in dramatic contrast to predictions of heat
flow (rather than bathymetry) from the cooling plate model which overestimate the
true heat flow for lithospheric ages less than approximately 50 Ma. Furthermore, the
Parsons & Sclater model underestimates the true heat flow and overestimates the
true seafloor bathymetric depths for ages greater than 70 Ma.

(ii) Vertical extent of hydrothermal circulation

There is considerable evidence that the ‘reaction zone’, i.e. the region at which
there is direct interaction between newly injected magma and hydrothermal fluids is
found at 2.5 km (2.0 km) depth throughout much of the global ridge crest system.
Seismic data from a variety of ridge crest segments show the presence of a low velocity
layer consistent with the existence of magma chambers. Two-way travel time data for
a multichannel wide aperature profile obtained from 9°30'—10° N on the East Pacific
Rise (Vera & Diebold 1994) show a low velocity zone at depths varying between 1390
1600 mbsf along the strike of the ridge axis. Other studies reveal similar structures
at depths spanning 2300-2400 mbsf beneath the Juan de Fuca Ridge (Morton 1984),
3500 mbsf beneath the Lau Basin (Morton & Sleep 1985), and elsewhere.

Silica geobarometry reinforces further the extent of the depth of high temperature
water—rock interactions. Von Damm et al. (1985) note that dissolved SiO, concen-
tration is often in equilibrium with solid quartz. Quartz solubility is a function of
both temperature and pressure. If the silica content of the hydrothermal efluent is
measured, and the temperature can be determined separately, then the remaining
unknown — pressure — can also be determined. Curves of silica dissolution vs temper-
ature for various pressures are given, e.g. in Kennedy (1950) and in various solutions
by Chen & Marshall (1982).

The temperature of black and white smoker vent fluids is measured routinely at the
base of smoker chimney orifices. The pressure can be assumed to be hydrostatic in a
crack-dominated hydrothermal system, and the depth of the water column is known.
The pressure calculated from the silica concentration can therefore be transformed
to depth within the hydrothermal system, i.e. the depth where the silica dissolution
took place. Von Damm et al. (1985) report that depths determined in this way span
0.5-3.5 km at sites in their original study. Subsequent work tends to confirm this
depth range.

Hydrothermal circulation is therefore likely to be concentrated within the up-
per 2-3 km of the oceanic lithosphere. As a result, only the uppermost few percent
of any vertical lithospheric section will be affected directly by advective heat loss.
Hydrothermal circulation will therefore play little role in changing the broad-scale
bathymetry of the seafloor. In contrast, the heat flow will be influenced directly by
the removal of heat from the upper part of the lithosphere through the advective
losses due to hydrothermal discharge.

Before taking the existing framework and using it to place bounds on the global
hydrothermal heat flux budget, it is necessary to refine the underlying thermal model.
We consider initially the Stein & Stein (1992, 1994) reformulation of the Parsons
& Sclater model. This differs from the original in that it is expressed in terms of

Phil. Trans. R. Soc. Lond. A (1997)
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392 A. Schultz and H. Elderfield
bathymetric depth, rather than height above a hard-to-define compensation depth,
z = z
T =T|= e Hn (/@) i = 2.7
(z,2) 1[@4—;0 e sm(mra) , (2.7)

where ¢,, = 2/(nm) and the other quantities match those in Parsons & Sclater (1977).
The equation for surface heat flux density may be written

q(z) =k <?9€> =qs [1 +2 Z e—un(ac/a)} ’ (2.8)
s=0

n=1

where g5 = kT3 /a is the asymptotic heat flow for old lithosphere in which the thermal
gradient is linear (Stein & Stein 1992).
The bathymetric depth to the seafloor vs. distance from the spreading centre is

d(z) = dy [2 - % i n2e“"(gﬂ/“)} — ae(0), (2.9)

n=1,odd

where dy, — ae(0) is the bathymetric depth to the top of the ridge axis as seen in
figure 1, and d,, (the depth to the top of the asymptotically old lithosphere) is given
by
dw _ apastTla ) (210)
2(past - pw)

Stein & Stein (1992, 1994) conducted a model search where the free parameters
were the asymptotic thickness of the lithosphere, the base temperature, and the
coefficient of thermal expansion. The best fitting coefficient of thermal expansion
was found to be o = 3.1 x 1075 K~!, the best fitting plate thickness was 95 km, and
the best fitting basal temperature was 1450 °C. The asymptotic depth to the top of
the lithosphere in this model is 5651 m, and the asymptotic heat flow is 48 mW m?.

The Stein & Stein reformulation of the Parsons & Sclater conductively cooled plate
model is an improvement over its direct ancestor as it fits gross bathymetry data and
heatflow data exceptionally well (except for heat flow for ages less than 50-75 Ma).
The RMS misfit between calculated and observed bathymetric depths was 0.42, and
for heat flow values, 0.40. Corresponding values for the Parsons & Sclater model were
1.0 and 0.83. From a purely statistical point of view, both models are acceptable, but
the reliability of these models is difficult to appraise in the absence of a sensitivity
analysis.

An additional caveat is that the cooling plate model is two-dimensional and based
on fitting data sets that have been grouped according to age and spreading rate and
thus represent global averages. This ignores smaller-scale heterogeneities in heat flow
which can accommodate (locally) much larger components of hydrothermal cooling,
as well as areas where there may be no appreciable misfit between the conductive
cooling model and the local observations and thus no direct surface evidence for
hydrothermal circulation.

Stein & Stein find that the conductively cooled plate model fits observed heat flow
adequately at ages greater than 65 & 10 Ma. This is often referred to as the ‘sealing
age’, and has been interpreted in the past to represent a critical age in oceanic litho-
sphere where significant levels of hydrothermal circulation are no longer supported
due to a drop in the permeability of the basement rock. Alternatively, it has been in-
terpreted as the age of lithosphere associated with sufficient sedimentary cover such

Phil. Trans. R. Soc. Lond. A (1997)
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Controls on hydrothermal circulation 393

that underlying circulation cells are contained entirely within an impermeable cap,
and have no surface heat flow expression.

The heat flow deficit at younger ages is attributed to hydrothermal circulation in
the oceanic lithosphere. Elder first speculated on this in 1965. This was followed up
by LePichon & Langseth (1969). Finally Lister (1972) provided a theoretical basis for
predicting that the heat deficit could be explained best by hydrothermal circulation,
and it is arguable that it is to Clive Lister we owe the credit for the first prediction
of concentrated hydrothermal circulation at ridge crests, i.e. smoker vent fields and
the like.

The conductive heat flux density may be represented in this model by

(1) = 51062 MW m™ 2, ¢t<55M
Q( ) m b a‘? (211)

q'(t) = 48 4+ 96e 202" MW m ™2, ¢ > 55 Ma.

where t is lithospheric age in Ma. In order to determine the total heat flux for the
oceanic lithosphere, i.e. the heat flux density integrated over the upper surface area
of the lithosphere, it is necessary to divide the lithosphere into a number of bands
of different age, determine the average heat flux density for each of these bands, and
their respective surface areas.

The expressions for heat flux density (2.11) take the form of the Lister (1972)
halfspace cooling approximation. Stein & Stein report that use of the full series
expansion rather than this approximation changes the result by 0.4%, even when
a modified side boundary condition due to Davis & Lister (1974) is used which
conserves energy by balancing the total heat flux, convective plus conductive, from
the origin with that convected at the supply temperature 71, ignoring the latent heat
of the small melt volume (i.e.)

orT
— k—— + pepud’ = pepulh, (2.12)
ox
or in non-dimensional terms
-1 0
— T +T =1, 2.1
2Pe Oz’ * 270 (2.13)

rather than the original Parsons & Sclater (1977) isothermal boundary condition, i.e.
T =1 at x = 0. Note here that ¢, is the specific heat. This new boundary condition
equates the heat introduced at the origin by magma injection to balance that lost to
horizontal conduction and to advection by horizontal motion of the plate.

It is intuitively appealing that there should be a heat balance in the steady state,
but that imposed balances only horizontal advection/diffusion. An additional term
involving advection of heat due to hydrothermal circulation must be considered.
Certain aspects of Sleep’s (1975) boundary conditions are also appealing, as they
attempt to bring in the behaviour of melt including energy in the form of latent heat
into the balance, which is ignored here. It is not clear that the approximation that
latent heat may be ignored due to small melt volumes is necessarily true, particularly
at faster spreading ridges where larger quantities of melt are expected.

Stein & Stein (1994) calculate the integrated heat flux for oceanic lithosphere of
ages less than t,, as

Q.= A, (2.14)
i=1

Phil. Trans. R. Soc. Lond. A (1997)
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394 A. Schultz and H. Elderfield
Table 1. Global heat budget

(Observed and model conductive heat flows, and residual cumulative heat flow presumed due
to hydrothermal advection, adapted from Stein & Stein (1994).)

cumulative ages (Ma) predicted  observed  hydrothermal

1 3.6 04+£03 3.2+0.3

2 5.1 1.0 £ 0.7 4.1 +£0.7

4 7.2 1.8+ 14 54+ 14

9 11.3 3.8+ 21 74+ 2.1
20 15.6 6.5 + 2.7 9.1 £2.7
35 19.8 9.2 £ 3.2 10.5 £+ 3.2
52 22.7 11.5 £ 3.4 11.2 £ 3.4
65 24.6 13.3 £ 3.5 11.3 £ 3.5
80 26.9 15.6 &+ 3.7 11.3 £ 3.7
95 28.5 17.3 £ 3.9 11.2 £ 3.9
110 29.8 18.7 £ 3.9 11.1 £ 3.9
125 30.6 19.5 £ 3.9 11.1 £ 3.9
140 31.5 204 £ 3.9 11.1 £ 3.9
160 31.9 20.8 £ 3.9 11.1 £ 3.9
180 32.0 21.0 £3.9 11.0 + 3.9

where A; is the total surface area for lithosphere spanning ages ¢;_; and t;, and ¢,
is the average heat flux density for lithosphere spanning those ages as predicted by
the cooling plate model. Similarly, the observed integrated heat flux is

Qn=> A, (2.15)
i=1

where ¢; is the observed average heat flux density for that age range.
The difference between the integrated heat flux for the lithosphere of age less than
t, predicted by the thermal model and the observations is

Qh=Q, = Qu=>_Aild—a), (2.16)
=1

which is taken to be the total heat flux due to hydrothermal circulation integrated
over all oceanic lithosphere younger than .

The results of these calculations are summarized in table 1 which contains the
cumulative ages of the seafloor from zero age, the heat flow in TW (1 TW = 10'? W)
predicted from this model, the heat flow actually observed as a global average for
oceanic lithosphere of the specified cumulative age, and the difference which is taken
to be the total budget available to drive hydrothermal circulation of cool seawater
into the cooling oceanic lithosphere.

Stein & Stein (1994) calculate from their catalogue of heat flow observations that
the total ocean lithospheric heat flux is 32 TW. From the misfit to the cooling plate
model, they predict that of this total budget, 11 £ 4 TW, or 34 &+ 12% is due to
hydrothermal circulation processes (this includes ridge crests and ridge flanks out to

Phil. Trans. R. Soc. Lond. A (1997)
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H'therm 0-1 Ma

H 21TwW
[0 925TW
B 1L75TW

ZConauctiveCooing—

Figure 2. Total heat budget of the oceanic lithosphere showing relative partitioning between
heat lost through conductive cooling and heat lost through advection of hydrothermal fluids.
The advective component is subdivided into ridge crest axial hydrothermal flow for lithosphere
no older than 1 Ma, and the remaining 64 Ma of lithosphere where hydrothermal circulation
persists unambiguously.

the ‘sealing age’ of 65 + 10 Ma). It is clear that the greatest part of hydrothermal
circulation occurs in older crust far from the ‘active’ circulation found at ridge crests.
The division between conductive cooling, off-axis hydrothermal advective cooling,
and on-axis hydrothermal cooling is seen in figure 2.

(b) Persistence of hydrothermal circulation in older lithosphere

There is evidence from K/Ar dating of celadonites (a low-temperature, e.g. less
than 30 °C) alteration mineral) in the Troodos ophiolite complex that low-tempera-
ture hydrothermal alteration persisted there for at least 40 Ma after crustal formation
(Gallahan & Duncan 1994). Localized depressions in predicted heat flow values from
areas such as the equatorial Pacific basin are consistent with thermal circulation
and large-scale lateral advection of water through basaltic crust. Analysis of major
elements in fluids extracted from sediment pores in this region appear to corroborate
this view, and to show evidence for hydrothermal circulation for ocean lithospheric
ages spanning 15-70 Ma (Baker et al. 1991).

Direct evidence of off-axis hydrothermal flow at elevated temperatures has been
obtained in recent years on the eastern flank of the Juan de Fuca Ridge (Davis et al.
1992; Wheat & Mottl 1994). There is additional evidence for off-axis hydrothermal
circulation from a variety of theoretical and observational studies. These include
numerical solutions for broad-scale flow within permeable media heated from below
(Fehn et al. 1983), tank experiments using Hele-Shaw cells (Hartline & Lister 1981),
and from observations of the large-scale fabric of the seafloor in the form of ridge-
parallel faults (Johnson et al. 1993). Persistent zones of in-flow and out-flow, either
channelled through permeable pathways following seafloor faults, or as an intrinsic
feature of convection in permeable media (or both) are therefore expected over broad
areas of the flanks and limbs of the ridge crests and older oceanic lithosphere. The
heat flux models described thus far would suggest that the occurrence of off-axis
systems of the Juan de Fuca—flank type should not be uncommon.

Phil. Trans. R. Soc. Lond. A (1997)
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396 A. Schultz and H. Elderfield

(i) Lithospheric cooling models accommodating hydrothermal sinks and magmatic
sources

The cooling plate model does not contain hydrothermal circulation explicitly, thus
the hydrothermal component is constrained only weakly. Morton & Sleep (1985)
re-examined Sleep’s (1975) model of a dyke annealing to the vertical boundary at
the origin of a ridge crest spreading centre. A new term is added to the original
two-dimensional heat flow equation,

oT,  k (82Te 62Te> H

52 o )t (2.17)

u =
or  pcp PCp

where T, is the excess temperature in °C (i.e. the temperature at a given position
within the model lithosphere less the steady state solution for the asymptotic tem-
perature at = o0), z is the depth below the top of the oceanic lithosphere, k is
the thermal conductivity, pc, is the volume specific heat, and H represents all ex-
cess sources and sinks of heat including heat brought in by intrusion, latent heat of
crystallization, and heat removed by hydrothermal circulation.

The appropriate boundary conditions are:

T, = 0.0 (i.e. no excess temperature at the seafloor);
T, = 0|.=» (i.e. no excess temperature at the base of the lithosphere);
Te = 0z=co;

T, ugc, T,

ox Eoo|_o

where A is the depth to the base of the lithosphere. The final boundary condition
balances advection and diffusion across the point of dyke injection at the origin.

This solution to the heat flow equation does not reduce to the simple form found
in Sleep (1975), but it does remain tractable if one assumes a simple form for the
heat sources and sinks. Morton & Sleep (1985) take this to be a Dirac delta function
located a distance ¢ from the origin (i.e. an infinitesimally thin spike of unit area
centred at x = ). Therefore, hydrothermal circulation is modelled as a set of
infinitesimally thin heat sinks. This is inadequate to represent the details of flow, or
of any chemical reactions taking place within such a flow regime, but it is adequate
to understand the impact of localized hydrothermal convection on the broad-scale
heat budget of a cooling plate.

Morton & Sleep (1985) take the top of a magma chamber to represent the 1185 °C
isotherm, which they associate with the 70% solid temperature of MORB (Mid-
Ocean Ridge Basalt). Morton & Sleep note that in magma chamber models based
on ophiolite studies and thermal models, most of the latent heat of crystallization is
released at the top of the chamber, resulting in plated gabbros and crystals that settle
to form cumulate layers. A small amount of melt may be retained in the crystal mush
and may crystallize at the sides of the magma chambers. This is used as justification
for placing 70% of the latent heat resulting from magma chamber crystallization
along the top of the magma chamber, and the remainder along the sloping sides.
Latent heat resulting from crystallization of dykes and flows is placed directly above
the chamber, on-axis.

The model is constructed by placing all of the latent heat initially at the ridge axis
in order to determine the temperature distribution in the plate (as before). By so
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doing, it is possible to identify the 1185 °C isotherm. The latent heat is then redis-
tributed on the top and sides of the magma chamber (i.e. along the 1185 °C isotherm),
thereby changing the temperature field and shifting the 1185 °C isotherm. The final
model is constructed by carrying out this process iteratively until the isotherms con-
verge to a stable geometry such that the location of the 1185 °C isotherm corresponds
to the latent heat distribution.

Morton & Sleep find that the depths to the 1185 °C isotherm tend to be shallower
than the depths to the tops of the corresponding axial magma chambers, at least
as inferred from seismic observations. This situation is rectified if one introduces a
set of heat sinks representing heat loss due to hydrothermal flow. By introducing
a (non-unique) set of sinks, the isotherm may be depressed such that its contour
matches that of the presumed magma chamber.

In order to quantify the total budget of heat available to drive hydrothermal
circulation, we make use of the best features of the Stein & Stein (1992, 1994) model
and the Morton & Sleep (1985) boundary conditions. The details of such a model
may be found in Stein et al. (1995).

The constraints on this model are the depth and heat flow data for older ages
(which constrain the overall thermal model), earthquake and magma chamber depths
(which constrain the near-axial geotherm), and the heat flow data for 10-50 Ma
(which constrain the surface temperature gradient for these ages). Furthermore, two
sets of models are produced for two different classes of spreading rates. For litho-
spheric ages greater than 0.5 Ma, the difference between the two spreading rate mod-
els is small, and they may be combined. For ages between 0.5 Ma and 50 Ma, the
predicted model heat flow is approximated by ¢. = 308¢t~1/2, where ¢ is in mW m~2,
and ¢ is in Ma.

The Stein et al. composite model predicts a higher heat loss for ages less than 10
Ma than the simple conductively cooled plate model. This adjusts the hydrothermal
component of heat loss (i.e. the mismatch between the model prediction and the
observations) by lowering slightly the hydrothermal component relative to the simpler
model. Regardless of this detail, the majority of cumulative hydrothermal heat loss
remains associated with ages greater than 1 Ma. Another result of these calculations
is that higher rates of hydrothermal heat loss are associated with faster spreading
rates than slow spreading rates.

(ii) Predicted hydrothermal heat loss per unit length ridge axis

The Stein et al. (1995) model permits us to estimate the predicted heat flux density
at each point on the oceanic lithosphere, and to integrate over surface areas of a given
age to determine the cumulative hydrothermal heat flux due to crust of a given age
range. Stein et al. (1995) assume that sediment cover does not control the ‘sealing
age’ but Davis et al. (1992) dispute this view, at least on a local scale. Therefore, it
should be remembered that if the sediment cover on a ridge is unusually thick for its
age, the surface heat expression may be reduced or suppressed.

For slow-spreading plate boundaries (e.g. half rates of 10 mm yr~!), the model
predicts the hydrothermal heat flux would be the product of 1 W m~?2 average heat
flux density with the total area on both sides of the ridge axis within 0.1 Ma, or
2 MW km~! of ridge axis for lithosphere younger than 0.1 Ma. For half rates of
30 mm yr~—! (e.g. Juan de Fuca Ridge), the equivalent value is 15 MW km~?! of ridge
axis.

For older ocean lithosphere (older than 0.5 Ma), the slow spreading and fast spread-
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@ (B High T Flow

B 017TW
B 153TwW
O 93Tw

Figure 3. Total hydrothermal heat budget of the oceanic lithosphere (left). The advective com-
ponent is subdivided into ridge crest axial hydrothermal flow for lithosphere no older than 1 Ma,
and the remaining 64 Ma of lithosphere where hydrothermal circulation persists unambiguously
(right).

ing models are almost indistinguishable. Stein et al. (1995) estimate that the total
heat flux density budget for hydrothermal circulation averaged over ages of 0-1 Ma
is ca. 0.5 Wm™2 x (3.5 x 10° km? surface area for crust of that age) (Stein & Stein
1994) yielding a total heat flux of 1.75 TW.

Recall that Stein & Stein (1994) estimated that the total ocean lithospheric heat
flux is 32 TW, of which 11 &4 TW, or 34 £ 12% is due to hydrothermal circulation
processes (including ridge crests and ridge flanks out to the ‘sealing age’ of 65 +
10 Ma). While Stein et al. (1995) have made no similar calculation of the total budgets
integrated over all crustal ages for the improved composite model, the cumulative
budgets will be qualitatively the same as the earlier model. If so, then hydrothermal
heat flux in the near-axial zone (0-1Ma) accounts for only ca. 16% of the total
hydrothermal heat flux budget for ages (0-65 Ma). The partitioning of the total
budget of hydrothermal heat flux between on-axis (0-1 Ma) and off-axis (1-65 Ma)
is seen in figure 3. On the right-hand-side of this figure we permit approximately
90% of the total near-axial hydrothermal heat flux to be expressed in the form of low
temperature flow, and 10% in the form of high temperature (i.e. ‘smoker’) flow. This
division is in rough agreement with observations of seafloor hydrothermal systems
(Schultz et al. 1992; Rona & Trivett 1992). We shall make use of this subsequently in
calculating total global water fluxes. A theoretical underpinning for the generation
of diffuse flow within high temperature hydrothermal systems is given later in this

paper.

(¢) Magmatic budget
An independent method of bounding the global hydrothermal heat budget comes
from consideration of the total volume of new magma emplaced annually along the
global ridge system. Kadko et al. (1994) and Elderfield & Schultz (1996) considered
the latent heat of crystallization of basaltic magma (ca. 0.676 x 10° J kg=!) which
takes place at temperatures near 1200 °C, and then the residual heat of cooling the
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Controls on hydrothermal circulation 399

newly crystallized rock from these temperatures to the temperatures of the fluids
found to exit from high temperature hydrothermal vents (1.130 MJ kg~! for cooling
from 1200 to 350 °C typical black smoker vent temperature).

It may be argued that a more appropriate temperature for hydrothermal end-
member fluids at the reaction zone (typically 2 km below seafloor) would either be
465 °C, i.e. by extrapolating surface hydrothermal temperatures adiabatically to the
reaction zone, or even as high as 600 °C, (Morton & Sleep 1985; Phipps Morgan &
Chen 1993). We shall therefore take 350 °C as a lower bound on the temperature
(i.e. the upper bound on the hydrothermal component of lithospheric cooling), and
600 °C as an upper bound.

The total heat available for hydrothermal circulation based entirely on cooling
magma from liquidus temperatures to the temperature of vent fluids is therefore
1.806 MJ kg~! (Kadko et al. 1994). We compare this to the heat required to elevate
a given mass of seawater at 2 °C (typical benthic temperature) to hydrothermal
temperatures, or 350 °C. This is of course dependent upon depth, e.g. pressure.
We expect a balance between magmatic cooling and seawater heating, since in the
area of ‘active’ hydrothermal circulation, it is cooling of the magmatic intrusions by
heating of seawater which leads to the production of high temperature endmember
hydrothermal effluent. We have already concluded from the thermal models that
conductive cooling in the near-axial zone contributes only a small part to the total
cooling budget.

Bischoff & Rosenbauer (1985) have investigated the equation of state for a hy-
drothermal fluid analogue, i.e. 3.2% NaCl seawater by determining experimentally
the pressure dependence of the specific volume of seawater. Temperatures of the
isotherms were then fit to a compressibility equation, and an empirical equation of
state was determined that relates the specific volume, compressibility and expansiv-
ity of seawater to the temperature and pressure.

For typical high temperature vent fluid exit temperatures of 350 °C, and for a
typical depth of medium and fast-spreading mid-ocean ridges, i.e. 2500 mbsl, Bischoff
& Rosenbauer’s relationship shows the heat capacity of the hydrothermal fluids is
approximately 6.5 x 1072 MJ kg 'K~! (figure 4). There is a complication in that
values of the specific heat come close to the two-phase boundary, particularly near
the critical point of ca. 405 °C and 300 bar where values of specific heat are known
only approximately.

There is petrological evidence from fluid inclusions and from chemical analysis of
quartz-cemented breccias (Delaney et al. 1987), and from direct measurements of
high temperature vent fluid at the Juan de Fuca Ridge (Butterfield et al. 1994) that
phase separation has been observed within certain hydrothermal systems. Butterfield
& Massoth (1994) report on significant temporal variation of vent chemistry at the
North Cleft segment of the Juan de Fuca Ridge between 1988 and 1992, suggest-
ing transition from vapour-enriched to brine-enriched effluent during the course of
volcanic activity. This is in general agreement with the Edmonds & Edmond (1995)
model of mixing of phase-separated brine, vapour and hydrothermally altered sea-
water within the hydrothermal system, which in turn is consistent with Bishoff &
Rosenbauer’s (1989) double-diffuse convection model of the reaction zone. Phase
separation effects will be considered later.

To heat 1 kg of seawater at 2 °C to 350 °C therefore is equivalent to ca. 2.262 MJ.
The amount of heat released in cooling 1 kg of 1200 °C magma to 350 °C (which we
presume is due to hydrothermal processes) is in the ratio of 1806/2262 the amount of
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Figure 4. Specific heat of seawater vs temperature ( °C) at 250 bar (solid curve) and 370 bar
(dashed curve) pressure, roughly equivalent in the first case to the ambient seafloor hydrostatic
pressure at vent fields throughout the East Pacific Rise and Juan de Fuca Ridge, and in the
second to that at the TAG hydrothermal mound, Mid-Atlantic Ridge. The values shown have
been interpolated from those found in Bishoff & Rosenbauer (1984).

heat necessary to heat 1 kg of ambient seawater to 350 °C; i.e. the heat liberated by
cooling 1 kg of magma is sufficient to heat 798 g of water. Of greater interest perhaps
is determination of the relative volume of magma involved in heating the equivalent
volume of water. It is also of interest to compare the estimates of the total heat
available to drive hydrothermal circulation determined from the mismatch between
the Stein et al. (1995) lithospheric cooling model and observed heat flow, and the
budget as estimated from the heat content of newly emplaced magma, integrated
over the global ridge crest system.

Given a total volume of newly emplaced magma of 17 km® yr=!, and taking the
density of seafloor basalt to be ca. 3000 kg m~3, the total mass-per-year of newly
emplaced magma is 5.1 x 103 kg yr~!. Given the figure above of 1.806 MJ kg~!
liberated from cooling uncrystallized magma at 1200 °C to 350 °C, the total heat
released by this process, globally, is 9.21 x 10 Jyr~—!, for a total heat flow of ca.
2.9 x 102 W, or ca. 3 TW. This figure is in close agreement with that predicted by
the mismatch between heat flow observations and the Stein & Stein (1994) and Stein
et al. (1995) thermal models.

The estimated total heat budget can be more than doubled by increasing the
reaction temperature from 350 °C to the upper bound of 600 °C. Even greater values
are possible if the dramatic increase in ¢, near the point of phase separation is
taken into account. The aforementioned close agreement between the calculations
appropriate for 350 °C with those obtained from the underlying thermal models
suggests that this lower bound may be closer to the globally averaged truth, although
locally there may be large variations from the global average.

Bishoff & Rosenbauer’s calculations of specific volume for seawater at 250 bar and
350 °C yield a density of approximately 680 kg m—2, compared with the density of
ambient (ca. 2.7 °C) seawater at the same pressure of 1028 kg m~3. In volumetric

1
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Controls on hydrothermal circulation 401

terms therefore, the amount of heat released in cooling 1 m® of magma is sufficient
to heat 3.52 m? of seawater. In mass heat exchange terms, the water/rock ratio for
seafloor hydrothermal systems is nearly unity, while in volumetric terms it is about
3.5:1, i.e. each litre of magma will heat ca. 3.5 litres of high temperature hydrothermal
effluent.

(d) Global hydrothermal water budget

Given knowledge of the specific heat of seawater under hydrothermal conditions,
and given estimates of the total heat budget available to drive hydrothermal cir-
culation through an area of seafloor at a particular temperature and pressure, it is
possible to place bounds on the total volume of seawater necessary to transport that
heat, i.e. the volume of seawater that must circulate through the global hydrothermal
system each year. Such calculations are strongly parametric; they depend not only
on the underlying thermal model (which we have seen is dependent itself on numer-
ous assumptions), but also on estimates of the temperature to which those fluids
are heated during their residence time within the lithosphere. Accurate estimation
of the water budget would require full knowledge of the total path length over which
the fluid circulates, and then integration of all pressure and temperature effects over
that path length.

By ignoring considerations of variable P-T conditions over the path-length of the
flow, one can transform the known quantities into water mass flux,

Qm = ACIQ—.a )

Cp
where Q,, is the water mass flux (kg yr='), Q. is the heat flux (TW), and AT is the
temperature by which the ambient seawater is raised during its circulation within
the lithosphere. An example of this naive means of calculating the global water flux
is seen in figure 5. Here we have assumed that all of the axial hydrothermal heat
flux is removed by hydrothermal flow at 350 °C, and that these fluids are heated
at a depth equivalent to 250 bar. We assume further that all off-axis flow takes
place at 5 °C and 250 bar. This ignores entirely the partitioning, on-axis, between
high and low temperature flow, and also ignores the details of the reaction zone
depths, the integrated path lengths of fluid flow, and seafloor bathymetric effects
off-axis. The total water flux due to off-axis flow for lithospheric ages of 1-65 Ma
(taken to be uniformly 5 °C above ambient temperatures) is 2.4 x 10® kg yr=!, while
that due to high temperature axial flow within ages 0-1 Ma (uniformly 350 °C) is
2.4 x 1013 kg yr— L.

(2.18)

(i) Temperature and pressure effects on water volume calculations

The accuracy of these estimates depends greatly on the underlying assumption
that on average this circulation results in heating of seawater by 5 °C above ambient
temperatures during the time it is resident within the lithosphere. This is an arbitrary
assumption, and it may equally well be that most of the circulation takes place at
cooler temperatures. It seems certain that the bulk of off-axis flow takes place at
temperatures below 30 °C (Honnorez 1981; Gallahan & Duncan 1994) but the lower
bound on, and spatial distribution of off-axis upper lithospheric temperatures are
as yet constrained poorly. The effect of this would be that the total transport of
seawater into the lithosphere would scale, almost linearly at these temperatures,
with the reciprocal temperature increase above ambient.
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<lMa

Flow at 350 °C
Heat Flux

£5]2.4 x 106 kglyr
W 2.4-3.5 x 10B3kglyr

Figure 5. Total budget of hydrothermal fluids circulating through the oceanic lithosphere. The
heat flux which drives the circulation (left). The mass of water necessary to cool the lithosphere,
divided into axial (0-1 Ma) and off-axis (1-65 Ma) components (right). The axial component
is calculated by making two different assumptions (described in the text), leading to a 46%
difference in the estimates of total water circulation.

The effects of variable temperature on the specific heat of seawater may be taken
into account by integrating with respect to temperature the relationship between
specific heat and volume flux,

350 °C
Qum = Q// cp(P,T)dT. (2.19)
2°C

If we consider that the fluid has been heated at a constant pressure of 250 bar,
the water volume flux, integrating over all temperatures from 2 to 350 °C becomes
3.5 x 1013 kg yr~1, an increase of 46% over the more naive estimate above.

The effects of pressure on ¢, of seawater are less than, and act in opposition to,
those due to temperature (Bischoff & Rosenbauer 1984; and figure 4). The total water
budget due to high temperature flow shall increase somewhat, but proportionally less
so, if the integral in the equation above were replaced by a double integral taking
the pressure dependence into account. By extrapolating from the results of Bischoff
& Rosenbauer we find that at 350 °C the value of ¢, decreases by ca. 15% at 450 bar
relative to that at 250 bar, which is equivalent to the presumed depth of the reaction
zone beneath a typical medium or fast-spreading ridge crest. The effects on the total
water budget attributed to high temperature axial flow, integrated over the path
length of that flow, will be commensurately smaller than this adjustment. We may
therefore discount pressure dependence as falling well within the accumulated errors
in these calculations and elect to consider only the single integral form of (2.19).

The major impact of pressure on calculations of heat flux stems from the potential
for phase separation of the fluids. By increasing pressure at a given temperature such
that the P-T regime falls below the critical point of phase separation, ¢, decreases
dramatically. The heat content of a given volume of hydrothermal fluid would drop
significantly relative to fluids of the same T' but somewhat lower P which fall on the
other side of the critical point.

Pressure dependence of ¢, would have essentially no effect on lower-temperature
axial diffuse flow and off-axis flow as ¢, achieves a nearly constant (pressure-indepen-
dent) value for temperatures below ca. 200 °C.
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350 «C axial flow

/XSO)

<lMa 20°C diffuse axial flow
Flow at 350°C

B 24x10%kglyr
Bl 24x108kglyr

[ 24x10% kglyr
[ 6.4x 210" kglyr

W 35x102kglyr [[rough parity with river fluxes

Figure 6. Total budget of hydrothermal fluids circulating through the oceanic lithosphere. The
heat flux which drives the circulation (left). The mass of water necessary to cool the lithosphere,
divided into axial (0-1 Ma) and off-axis (1-65 Ma) components (right). The axial component is
calculated by presuming that 10% of the flow takes place at 350 °C, and 90% at 20 °C.

If we take the conservative view in terms of total volume of water transported
that temperatures are raised 5 °C above ambient, we see that on average the equiv-
alent of about 1 Sv (Sverdrup, or 10 m® s=1) of seawater is transported through the
lithosphere by hydrothermal circulation. This is approximately 1/30th of the total
transport of seawater through the Gulf Stream, and in rough parity with the total
flux of river water entering the world oceans (Elderfield & Schultz 1996).

Given the three-orders-of-magnitude difference in apparent water budgets associ-
ated with axial and off-axis regimes, the axial component of flow appears of little
consequence to the total global water budget. This is in stark contrast to the impact
of the high temperature axial component of seafloor hydrothermal flow on ocean
chemistry. Although flank flow systems are quantified only poorly, the current evi-
dence is that high temperature flow is by far the dominant hydrothermal contributor
of both sources and sinks to global ocean chemistry (Elderfield & Schultz 1996). Fur-
thermore, if one considers the contributions of lower temperature diffuse axial flow
to the heat budgets, it becomes apparent that the associated water budgets increase
dramatically.

We take the heat flux values presented in figure 3, accommodating axial diffuse
heat flow in the ratio of 10:1 with axial high temperature flow, and convert these
into water fluxes (equation (2.19)). This is seen in figure 6. The total axial flow due
to diffuse modes, assuming these take place uniformly at a temperature elevated
20 °C above ambient, is 6.4 x 10'* kg yr~—!, or roughly 3% of that associated with low
temperature off-axis flow. The corresponding water budget due to high temperature
350 °C flow drops to 3.5 x 10'2 kg yr~!. While still a small percentage of the total
water circulating through the oceanic lithosphere, axial diffuse flow takes place at
higher temperatures, and as seen later, is involved in considerable chemical exchange
with the oceanic lithosphere and oceans.
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3. Diffuse flow is an intrinsic feature of high temperature flow

A theoretical and observational framework has been provided showing that hy-
drothermal circulation persists throughout the oceanic lithosphere to ages as great as
65410 Ma. We consider in this section the nature of hydrothermal circulation in the
youngest, hottest part of that system, the axial region (0-1 Ma). On axis, hydrother-
mal circulation may be modelled as that due to flow within a highly cracked per-
meable medium. Cracks within the sheeted dyke complex and extending up into the
pillow basalt layer likely provide the predominate pathways by which fluids heated
at the reaction zone are transported rapidly up to the seafloor.

Within the permeable subdomains in this region fluid flow is governed by D’arcy’s
Law which describes the relationship between the pressure gradient driving the flow
with a given velocity and the opposing viscous forces,

k
= —;(VP + ApgZ), (3.1)

where @ = (Zu+ Zw) is the transport velocity in Cartesian coordinates (z, 2), k is the
permeability of the medium, p is the dynamic viscosity of fluids within the medium,
P is the pressure, Ap is the density difference determined by the temperature dis-
tribution, and ¢ is gravitational acceleration (Phillips 1991). For D’arcy flow in a
two-dimensional medium with isotropic permeability the resulting equations are,
0%*p ’p orT
oz T 9.2 ,000495;
o*w N o*w pokag OT

p— .2
or? = 022 p o Oz’ (3:2)
owoT ovor _ [T 0T
0z 0x oz 0z |92z " 022 |

where ¥ is the stream function field and « is the coefficient of thermal expansion.

While appropriate for defining the flow and temperature fields within any given
permeable region, this formulation is inappropriate to describe the flow within a
crack bounding such a region. We consider flow within a crack to be represented by
turbulent pipe flow which obeys the relationship

@ _ pifvi
0z 4ay,
where p; is the density of the fluid in the pipe, f is an empirical friction factor, v

is the turbulent fluid velocity, and a,, is the radius of the pipe (Turner & Campbell
1987).

) (3-3)

(a) A model of flow within a cracked permeable domain

We take a model (figure 7) of a permeable medium surrounding a pipelike crack
to represent a high temperature fluid source, originating at depth within the seafloor
and communicating with the reaction zone deep within the hydrothermal system.
The crack is embedded within the permeable seafloor and acts to channel high tem-
perature fluids from the source and up into the water column. On a finer scale, such
a model might also serve to represent the flow within an individual hydrothermal
edifice.

In order to solve equations (3.1) and (3.2) for the given geometry we set the
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following boundary conditions. The temperature at the base of the structure (z =
L/2) is set to a constant 360 °C at the origin, and extending along the bottom a
distance L/2 from that point. The temperature then decreases exponentially from
that point such that T'= 0 at x = L. The origin is the centreline of the vertical pipe,
and the model is two dimensional and symmetric about that axis.

The temperature of the pipe wall is set to 360 °C isothermally, which we take to be
the temperature of the ‘black smoker’ source fluids flowing upward through the pipe.
The pipe wall is made permeable such that hydrothermal source fluids may seep into
the surrounding region and mix there with seawater advected into the structure. The
advection takes place in response to the lateral pressure gradients set up within the
permeable medium in response to the vertical flow within the pipe.

Variable boundary conditions are set at the top of the permeable subdomain. In
locations where the solution requires effluent to flow outward from the structure,
we require the vertical gradient of temperature at the seafloor-ocean interface (i.e.
the heat flux due to thermal conduction) to be zero. In locations where the solution
requires advection of cool seawater into the top of the permeable region, we require
the temperature (rather than its vertical gradient) at that boundary to be zero.
Thus, we alternate between Dirichlet and Neumann conditions depending upon the
local behaviour of the solution.

For the model shown in figure 7, the geometry represents a permeable block with
sides elevated above that of the surrounding seafloor, following Schultz et al. (1992).
In this case, the boundary conditions along the side at x = L are equivalent to those
at the top, i.e. zero horizontal temperature gradient for zones where effluent flows
outward from the sides of the structure, and zero temperature for zones where cool
seawater is advected into the structure. We permit no vertical component to the
effluent velocity at this boundary, thus ¥, = 0.

The top panel of figure 7 is diagnostic. The stream function field reveals the
pattern of seepage into the structure of hydrothermal source fluids from within the
pipe. There are strong horizontal gradients in ¥ extending from the origin to nearly
x = L/2, at which point the horizontal gradient drops precipitously. The vertical
velocity of the effluent flowing within the permeable medium is derived from the
horizontal gradient of the stream function, thus near x = L/2 the upward flow of
effluent out of the structure ends, and a broader zone of much slower flow of seawater
into the top and sides of the structure begins. Within the upflow zone in the part of
the structure near the origin (z < L/2), the strong lateral gradient in ¥ indicates
there is a rapid drop-off in vertical effluent velocity as one moves away from the
origin (i.e. the ‘pipe’ or plume feeder source).

The part of the mound centred around x = L/2 is a zone of intense mixing between
in-flowing seawater and out-flowing efluent. There is a notable vertical gradient in
¥, associated with a significant horizontal component to flow of efluent within the
structure seen in the bottom right-hand quadrant of the top panel of figure 7. This
indicates there is a preferential band of in-flow along the thermal boundary layer
that has formed (this is seen clearly in the bottom panel, i.e. the temperature field).

The relationship between the permeability of the structure and the temperature
and velocity fields observed at the top boundary is shown in figure 9. Here three
different sets of solutions to (3.1) and (3.2) are presented for the geometry shown
previously in figure 7. Each solution corresponds to the identical geometry but a
different isotropic permeability, and thus a different Rayleigh number. In the first
instance, for the geometry shown and for permeabilities no greater than 10712 m~2,
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Figure 7. Solution for temperature and stream function fields within a two-dimensional perme-
able block with embedded crack. The flow within the crack, located at the axis of symmetry
of this model, is taken to obey laminar pipe flow law. Solution by P. Dickson using a sparse
iterative steady-state finite difference solver modified from Dickson et al. (1995).

the solution for D’arcy flow simplifies to that of a diffusion equation, i.e. advection
terms become unimportant and the Rayleigh number becomes small. At the highest
permeability shown, k = 107 m~2, the Rayleigh number increases and the efluent
vertical exit velocity at the top boundary rises sharply (right panel of figure 9).
The isotherms move inward toward the origin (left panel) as the effect of the cool
advected seawater on the periphery of the structure is observed. For structures of
different geometry the permeability at which advection will dominate over diffusion
will differ from that found for this particular case, but there will exist a range of
parameters for which solutions of this sort hold.

It is possible to obtain a stable numerical solution for D’arcy flow for the present
geometry and using the sparse iterative finite difference solution employed here (Dick-
son et al. 1995) only for low permeability. At higher permeabilities, the D’arcy as-
sumption of a balance between pressure gradients and viscous drag begins to reach
a limiting case and it becomes impossible to drive fluid more quickly through the
permeable region. In the true seafloor system it is likely that flow is instead domi-
nated by the presence of small-scale cracks which provide highly permeable pathways
in which higher velocity pipe flow, sheet flow, or other modes prevail, and in which
D’arcy flow is not appropriate. In the area immediately surrounding each of these
small permeable pathways however, D’arcy flow would hold locally, and the effects
seen in figure 9 would, under the appropriate range of conditions, appear.
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Central Black Smoker Complex

YT EE

Figure 8. Bathymetric map of TAG mound. Flow emanating from central black smoker complex
and from individual high temperature venting sites likely results from fluids channelled upward
into the mound via highly permeable cracks of the sort represented in figure 7. The colour
scale indicates depth in metres, and the horizontal scale of the mound is ca. 200 m across.
Bathymetric data are from AMS-120 sidescan sonar survey, courtesy of P. Shaw, M. Kleinrock
and S. Humphris.
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Figure 9. (a) Temperature in °C at the top surface (seafloor) of the two-dimensional permeable

block ws horizontal distance in metres from the embedded crack for the model shown in the

figure 7. (b) As (a), but vertical exit velocity of the hydrothermal effluent. Both (a) and (bg

contain three sets of curves representing the flow solutions for permeabilities of k = 107*' m
(solid), 1072 m~? (long-dashed) and 10™'* m™? (short-dashed) respectively.

In conclusion, figures 7 and 9 demonstrate the principle that in a crack-dominated
system analogous to high temperature hydrothermal venting, there will exist a ‘halo’
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of lower velocity broad-scale diffuse hydrothermal eflux which arises as a passive and
intrinsic feature of the faster source flow. Horizontal pressure gradients are set up
within a permeable medium surrounding a crack through which fluids flow, and in
response seawater is entrained into such a body, mixes with the hydrothermal efluent
entering the body from the walls of the source conduit, and then exits the top of the
structure in a broad zone. We shall consider in the following section aspects of the
chemical interactions that take place between the rocks making up the permeable
region and the mixture of hydrothermal efluent and seawater flowing within it.

4. Combined chemical and physical measurements of diffuse effluent

One of the most important sets of measurements on submarine hydrothermal sys-
tems is those that characterize the fluxes of heat, water and chemical constituents
and determine how they vary spatially and temporally. Because of the coupling of
heat and chemical fluxes, these estimates are essential to determine the impact of
hydrothermal systems on ocean chemistry (Elderfield & Schultz 1996). In this, we
must recognize that high-temperature (‘black smoker’) flow and lower-temperature
(‘white smoker’) and diffuse flow all must be sampled. Most work has emphasized
the more spectacular high-temperature parts of hydrothermal systems. However, ex-
periments to quantify the balance between diffuse (low temperature) and discrete
(high temperature) sources on the Juan de Fuca Ridge (Schultz et al. 1992) have
suggested that discrete flow only accounts for 1/5th to 1/10th of the axial heat flow.
Thus, determination of the relative importance of these two flow paths is vital.

Rudnicki & Elderfield (1992) calculated a total thermal flux of 500-900 MW for
the TAG vent field from plume data, a figure which compares with 120 MW for the
main black smoker venting complex at the summit of the TAG mound (Rona et
al. 1990). This indicates that possibly 3/4 to 6/7th of the total TAG hydrothermal
mound heat flux derives from low temperature systems which are entrained into the
plume. This does not take into account diffuse flow that is not entrained in plumes,
a discussion of which appears later.

(a) Diffuse effluent chemistry

The documentation of the chemistry of the on-axis diffuse flow is extremely poor.
It relies principally on inferences based on the composition of hot spring deposits
(Alt et al. 1987) and efforts to sample diffuse fluids directly by our group and by
a few others (Butterfield & Massoth 1994). Recently, Mills et al. (1993) have pro-
vided some evidence of diffuse fluid chemistry from analyses of pore waters from
metalliferous sediments at TAG but the only lower temperature fluids which had
previously been sampled directly at TAG were ‘white smokers’, from a small cluster
of sphalerite-rich dome structures to the southeast of the mound (the ‘Kremlin’ area
ca. 50 m S of ‘Site 17 in figure 8), and comprise ca. 15% seawater and ca. 85% high-
temperature hydrothermal fluid with exit temperatures of ca. 300 °C (Edmond et al.
1995). However, diffuse flow of low-temperature fluids is ubiquitous over the top and
sides of the mound, and is potentially of greater importance for the formation of ore
deposits.

The development of the ‘Medusa’ system for sampling diffuse hydrothermal ef-
fluent and measuring its physical properties in situ (Schultz et al. 1996) enabled in
1994 and 1995 the first direct sampling of diffuse effluent exiting the TAG mound.
The time series records and chemical samples discussed here were obtained from a
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Table 2. TAG fluid compositions

(Composition of black smoker, white smoker and diffuse flow fluids from TAG, extrapolated to
Mg = 0 (data from Edmond et al. (1995) and James (1995)).)

1 element black smoker white smoker diffuse flow
<
~~ Li (pM) 411 383 366
2 Rb (M) 9.1 9.4 9
— Ca (mmol kg~?) 0.8 27 22
@) : Sr (umol kg™1) 103 91 71
= 87Sr/%6Sr 0.7038 0.7046 0.70304
=0 pH 3.35 3 —
E 8 H,S (mM) 2.5-3.5 05 < 0.04
o Si (mM) 20.75 19.1 17
3z Cl (mM) 636 — 640
Eg Fe (uM) 5590 3830 3260
63 s Mn (pM) 630 750 635
23 Zn (pM) 46 300-400 62
=Z Cu (pM) 120-150 3 <3
= La (pmolkg™')  3710-4610 3590 2810
Ce (pmolkg™!)  8820-10200 4360 6970
Nd (pmol kg™ 1) 5250-6990 1590 4460
Sm (pmolkg™')  1040-1450 250 920
Eu (pmol kgfl) 3390-3690 13800 9710
Gd (pmolkg™")  895-1330 160 838
Dy (pmol kg™') 635-907 110 528
Er (pmol kg™') 281-336 46 203
Yb (pmol kg™) 169-249 46 182
Lu (pmol kg™!) 21.4-30.6 4 24
//)1
<\//]\:j ‘Medusa’ system deployed at ‘Site 1’ for a period of six months in 1994-1995. Spot
— measurements of diffuse effluent velocity and temperature were obtained from broad
< areas of the mound from sites representative of the diffuse flow regime found in the
> E given areas. Concurrent samples of diffuse flow chemistry were obtained from seven
2 Lo sites on the mound (marked in figure 8 by filled cyan-coloured circles).
- There appear to be two main venting centres on the mound. The first is the central
E 1 black smoker complex, the trend of which continues southward to ‘Site 2’ (figure 8).
— 8 The second is a feature extending from ‘Site 1’ along the trend of a grabenlike feature

orientated NE-SW, and then south to the ‘Kremlin’ area. Areas of extensive black
smoker flow are indicated on the figure by black arrows.

For comparative purposes with TAG black smoker (mainly from the central black
smoker complex) and white smoker fluids (from the ‘Kremlin’ area), the concen-
tration data for the diffuse flow (from the points marked on figure 8) have been
extrapolated to zero Mg in table 1.

Data for several species (e.g. Li, Mn, Cl and Rb) in the diffuse flow fluids is best
described as a mixture of high-temperature (‘black smoker’) fluid and seawater. This
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Figure 10. Li and Mn versus Mg in diffuse hydrothermal fluids at TAG. Also shown are
compositions of black and white smoker fluids.

is shown in figure 10 using Mg as an index of seawater and implies that these species
behave conservatively throughout the subsurface mixing process.

However, concentrations of other elements in the diffuse flow fluids are not con-
servative (figure 11). Fe in the diffuse flow endmember is ca. 44% depleted relative
to that in black smoker fluids and H,S is below the limits of detection. Si is also
depressed by 20%, and Ca and Sr by 30%, relative to black smoker fluids. This is
due to the precipitation of Fe-sulphides, silica and anhydrite as the high-temperature
fluids mix with seawater within the mound. ODP drilling has shown that these three
phases are commonly found within the interior of the TAG mound (Humphris et al.
1996). Thus, the fluid chemistry demonstrates the active precipitation of the three
principal mineral types found at TAG as a consequence of mixing of entrained sea-
water with high temperature black smoker fluids, as expected by the flow simulation
seen previously in figure 7.

Another group of elements, including Cu, Zn, REEs and U, show complex be-
haviours as a result of their migration within the mound by the process known as
‘zone refining’ (Franklin et al. 1981; Edmond et al. 1995) and this is described in
detail by James (1995) and James & Elderfield (1996).

Because the chemical anomalies in the diffuse fluids attributable to precipitation of
sulphide, anhydrite and silica within the hydrothermal deposit are known (figure 11),
it is possible to estimate the rates of deposition of these minerals as a function of
heat flux (figure 12). The formation rate (R) is given simply by

AMQ,
r=2MQ

Ty

: (4.1)

where AM is the concentration difference between the diffuse flow endmember and
the black smoker endmember at zero Mg, @, is the (advective) heat flux, and T}, is
the temperature of mineral precipitation.

In this case, we define ‘diffuse endmember’ as the product of high temperature
hydrothermal effluent that has mixed internally with seawater entrained into the
interior of the mound, and which has reacted within the interior with the minerals
making up the fabric of the mound. We do not refer here to high temperature effluent
that has been diluted with seawater within the near-bottom water column. The

Phil. Trans. R. Soc. Lond. A (1997)
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Figure 11. (a) Ca versus Mg, (b) Fe versus Mg, and (c) Si versus Mg in diffuse hydrothermal
fluids at TAG. Also shown are compositions of black and white smoker fluids.

‘Medusa’ sampling system has been designed specifically to inhibit such dilution and
thus to maximize the probability of obtaining uncontaminated diffuse endmember
fluids. We consider this a prerequisite for accurate analysis of the chemical signature
of both high and low temperature water-rock interactions.

From these estimates of R, the time taken (7) for the mound to have attained its
current inventory (A) of minerals (Tivey et al. 1996) can be estimated, thus providing
an index of preservation (figure 13b):

T=A/R. (4.2)

(i) Areal measurement of heat flux density and the longevity of the TAG system

A series of ‘Medusa’ spot measurements of efluent temperature and velocity were
taken over the surface of the TAG mound (e.g. figures 8 and 12).

Each cluster of points in figure 12 represents a single sampling episode where the
manned submersible used to position the instrument has removed the instrument’s
sensor head (Schultz et al. 1996) from the submersible’s instrument basket and placed
it directly atop diffuse flow emanating from the seafloor (in this case a surface of
sulphide rubble atop the TAG mound). A single sampling episode lasts approximately
5-10 min, during which time there are continuous measurements made of effluent and
ambient seawater temperature and vertical effluent velocity. (Transmissometry has
recently been added to the capabilities of the instruments.) The gaps between clusters

Phil. Trans. R. Soc. Lond. A (1997)
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Figure 12. Typical spot measurements of diffuse effluent velocity, temperature and heat flux

density taken at four closely spaced locations on the TAG mound (these sample locations are
marked by filled circles in figure 8) using the ‘Medusa’ sampling system.

of points represent time periods where the submersible has replaced the sensor head
in the instrument basket, and is traversing the surface of the mound en route to the
next sampling location. At each sampling location it is possible to trigger any of a set
of six 170 ml titanium syringe sample bottles which draw effluent from the interior
of the sensor head, thus providing a means of concurrent sampling of the physical
parameters and chemistry discussed within this section.

From the suite of spot measurements, the heat flux density over areas of the mound
associated with visible diffuse eflux has been estimated as 2.5-8 MW m~2. We ob-
serve diffuse flow of this magnitude over at least 1% of the total surface area of the
mound. Over large areas of the remainder of the mound from which there is no visual
indication of diffuse efflux, conductive heat flow measurements reveal vertical tem-
perature profiles that are consistent with conductive rather than advective cooling
(Becker & Von Herzen 1996). Over the remainder of the mound, diffuse advective
discharge may exist, but below the limits of visual detectability, and also below the
sensitivity threshold of the present configuration of our measurement system (i.e.
very much less than 1.0 mm s—1).

A lower bound on the total heat flux due to diffuse flow is therefore 780-2513 MW,
based only on areas over which there is visible efflux, which suggests that the diffuse
heat flux is roughly (and conservatively) an order of magnitude greater than the
high-temperature heat flux of 120 MW. The mean and upper limit of this bound
exceeds the upper limit of the Rudnicki & Elderfield (1992) estimate of 500-900 MW
for the TAG vent field from plume data. This may be indicative of a part of the
diffuse flow that is not entrained into the buoyant plume originating in the high
temperature vent systems within TAG, and thus unaccounted for by measurements
taken exclusively in the water column at the presumed height of neutral buoyancy
of the main plume (i.e. ca. 200-300 m).

Anhydrite precipitates up to an order of magnitude more rapidly than sulphides
and silica. Taking a figure of 2000 MW as that due to diffuse flow, mineral precip-
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Figure 13. (a) Precipitation rate of various minerals versus heat flux attributed to diffuse flow,
and (b) time taken for TAG mound to attain its current inventory of minerals. Based on James
(1995), James & Elderfield (1996) and Tivey et al. (1995).

L of sulphide and silica and about

itation rates are of the order of 10°-107 kg yr~
5-15 x 107 kg yr~! of anhydrite.

According to Lalou et al. (1990), the TAG mound has grown episodically over
the last 20000 years and active hydrothermalism resumed about 50 years ago. On
the basis of figure 13, it would seem that the mound anhydrite is contemporary,
irrespective of choice of heat flux, and may represent as little as a few years of growth
whereas mound sulphides and silica are clearly not contemporary, and represent 300—
3000 years of growth. This is less than the age of the oldest hydrothermal deposits
(20000 years) and reflects, in part, periods where no mineral precipitation occurs
and, in part, is indicative of reworking and oxidation of the sulphides.

5. Time series measurements at TAG

The spatial sampling of the physical and chemical properties of diffuse effluent at
TAG has illustrated the range of contemporary mineralization processes taking place
within this active hydrothermal system and has shed light on the episodic nature of
hydrothermalism. Episodicity over tens to thousands of years is one extreme on the
continuum of temporal variations in the hydrology of the system. The predominant
modes of variability in the physical properties of diffuse effluent that we have observed
over a six month instrument deployment period at TAG are those linked to tidal
periodicities.

(a) Previous observations of tidal variability

Variations with tidal periods in both high temperature and low temperature flow
have been observed for nearly a decade. Little et al. (1988) observed a strong semi-
diurnal variation (peak-to-peak) of ca. 2 °C in temperatures measured over a twelve-
day period a few centimetres above the seafloor in a diffuse flow area of the Guaymas
Basin. This variation was taken to represent the modulation of the height of the
near-bottom thermal boundary layer by tidal ocean currents (the modulation of
tidal height at nearby Guaymas, Mexico is predominantly diurnal, thus the tidal
(horizontal) speed variations are half this period, or semi-diurnal).

Phil. Trans. R. Soc. Lond. A (1997)


http://rsta.royalsocietypublishing.org/

'\
/N
JA \
A A

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

A\

y \

P

THE ROYAL A

A A

N

0\

SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

414 A. Schultz and H. Elderfield

Schultz et al. (1992) analysed six weeks of continuous diffuse effluent and ambient
temperature and diffuse effluent velocity data obtained in 1988 from the Endeavour
Segment, Juan de Fuca Ridge. Here too, strong variations in temperature (several
degrees peak-to-peak) with predominantly semi-diurnal periodicity were observed.
In addition, a fixed array of ten thermocouples suspended directly above a high tem-
perature smoker vent orifice detected strong semi-diurnal variability in black smoker
plume temperatures (Monfort & Schultz 1988). The high temperature variability was
interpreted as resulting from the lateral translation of the plume across the array
of fixed temperature sensors as the plume was wafted back-and-forth by ocean tidal
flow.

Another possible interpretation of the diffuse flow data was contamination of fluids
entering the diffuse flow instrument (which in this case consisted of a vertical tube
joined at the bottom to a funnel which was emplaced directly atop a percolating
sulphide structure, and in which effluent velocity was detected by electromagnetic
induction methods). In this instrument, the base of the flow-concentrator funnel was
not sealed directly to the seafloor, making it possible for seawater to be advected
into the base of the instrument where it would have the possibility to mix with
diffuse endmember fluids. This advection could be modulated by the flow of tidal
waters. Finally, it was considered that there may be pathways of sufficient perme-
ability within the sulphide structure that broader tidal motions of the water column
may be channelled into the interior of the structure and thereby modulate effluent
temperatures.

(b) Tidal variability at TAG

Time series of diffuse effluent velocity and temperature, and the temperature of
ambient seawater obtained during a 2% day period in September 1994 from ‘Site 1’
on the TAG mound (see figure 8) are shown in figure 14. The thicker curves represent
low-pass filtered calibrated data (Schultz et al. 1996), using a robust moving average
filter with 2 h corner period (Schultz et al. 1992). The thin curves represent the best
fitting diurnal and semi-diurnal equilibrium tidal components (specifically the K7,
Py, O1, K5, S3, My and Ns lines). The tidal fits to these time series were obtained by
calculating the discrete Fourier transform at these specific diurnal and semi-diurnal
frequencies (Hendershott 1981), although the short duration of the time series section
relative to the tidal periods makes it impossible to distinguish between the individual
diurnal and semi-diurnal lines, rather only broad spectral peaks may be resolved.

Spectral resolution is illustrated in figure 15. Here the power spectrum for the dif-
fuse effluent temperature was calculated by using the prolate taper function method
of Thomson (1982) which was applied to a time series section spanning approximately
two months in October—December 1994. The spectrum is plotted within an envelope
representing +1 standard error. A number of distinct peaks are revealed showing
that the efluent temperature is modulated primarily by semi-diurnal variations and
harmonics, although there is significant power in the diurnal band, as well as even
longer period variations extending to two days as well.

The undisturbed time series section is too short to show quantitatively that vari-
ations with periods greater than about two days exist. There was an episode of
substantial disturbance to flow that is attributed to ODP drilling activities at TAG.
The relationship between these activities, the effluent temperatures, and the pene-
tration of specific anhydrite breccia petrological horizons is discussed in Schultz et
al. (1996). These effects have limited our ability to resolve longer period natural
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Figure 14. Time series of diffuse effluent (a) vertical exit velocity, (b) temperature, and (c)
ambient seawater temperature measured by Medusa monitoring system 1 at TAG Site 1 for a
three day period in 1994 before initiation of ODP drilling at TAG. The thin smooth curves are
the time series obtained from the best-fitting diurnal and semi-diurnal tidal variations while the
rougher curves are the actual measurements.
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Figure 15. Power spectrum for diffuse hydrothermal effluent temperature variations as recorded
as TAG Site 1 by Medusa 1 during the period 19 October to 25 December 1994. The spectrum
shown is a robust estimate based on taking a series of 792-point 30% overlapped sections, each of
which is tapered in the time domain by applying a time-bandwidth product 4 prolate spheroidal
taper function. The time series was prewhitened by applying a 48-point autoregressive filter to
a lowpass filtered version of the original time series. Well-defined peaks in the spectrum are seen
at the tidal periods and their harmonics. The spectrum is shown within an envelope representing
one standard error.

variability, although direct visual examination of the time series, which extend from
August 1994 to the beginning of January 1995 do suggest that there is fortnightly
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variability as well. There is also evidence of a secular shift in the locus of heating of
the TAG mound during the six month measurement period (Schultz et al. 1996).

Spectral analysis of diffuse effluent velocity (rather than temperature) time series
reveal that these variations are predominantly diurnal. The power in the diurnal peak
is approximately fives times that of the semi-diurnal peak for effluent velocity. The
different spectral forms for the efluent temperature and velocity may be diagnostic
of the nature of the internal hydrology of TAG. This is the subject of current inves-
tigation. Mechanisms that may modulate the response of a hydrothermal system to
tidally modified boundary conditions are proposed below.

(¢) Mechanisms for tidal influence on hydrothermal flow and measurement

Ocean tides modulate the seafloor pressure field, changing the value of hydrostatic
pressure within the hydrothermal system. The variation in height of the water column
loads the seafloor, which has finite rigidity, and which deforms in response to this
tidal loading. The solid Earth also responds to astronomical tidal forces and acts
to deform the oceanic lithosphere from below thus changing the state of stress at
the seafloor. Changes in the horizontal velocity of the water column have an effect
on the thermal boundary conditions on the seafloor. There are measurement issues
related to the Bernoulli effect due to lateral tidal motions on open crack-dominated
hydrothermal flow. We shall consider each of these cases in turn.

(i) Temporal variability in seafloor thermal boundary conditions

In §3 we considered the effect of in-flow of seawater and out-flow of efluent on a
model of flow within a cracked permeable structure. In regions of out-flow we imposed
a boundary condition of zero thermal gradient, and in regions of in-flow a condition
of zero temperature.

Tidal motions of the water column will alter the seafloor thermal boundary condi-
tions similarly, forcing approximate Dirichlet and Neumann conditions to hold, de-
pending upon the horizontal motions. At periods of peak tidal exchange, the strong
motion of the tides will act to transport heat advectively and efficiently away from
the outer surface of the cracked permeable hydrothermal system. At such times we
may reasonably impose an approximate zero temperature condition at the boundary
between the sea and the structure. Given peak tidal velocities within Mid-Ocean
Ridge hydrothermal systems of ca. 20 cm s™!, (Lukashin, personal communication;
Rudnicki 1990), very efficient lateral advection of heat into the water column is to
be expected.

At periods of slack tidal exchange, a thin thermal boundary layer of the sort
proposed by Little et al. (1988) is expected. In such a layer, vertical gradients in
temperature are minimized.

The major effect of alternating between the peak-tidal-exhange and slack-tidal-
exchange thermal boundary conditions is to perturb the temperature field inside the
permeable medium, but only very close to its outer surface. There is little effect on the
pattern of flow within the structure. While seemingly of little consequence, it is at the
seawater—structure interface that conductive and advective heat flow measurements
are made. The tidal variation in thermal boundary conditions may therefore have
some effect on measurements made within the thickness of the thermal boundary
layer.
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(ii) Bernoulli effects

The lateral motion of the water column past an open channel either penetrating
the interior of the permeable structure (e.g. a vent chimney), or any measurement
system situated directly above the structure, would experience a vertical pressure
gradient imposed by the lateral motion of fluids past the top of the chamber.

Bernoulli’s equation relates the variation of pressure along a given streamline to
the variation in speed of flow,

1pla®* +p = Cs, (5.1)

where @ is the velocity of the flow, p is the density of the fluid, %p|a|2 is the kinetic
energy per unit volume of the fluid, p is the pressure, and Cgs is a constant along
a given streamline S. One sees immediately that at points along a given streamline
where velocity is high, pressure is low.

The practical consequence of Bernoulli’s equation is that lateral flow of seawater
around an obstacle such as a hydrothermal vent structure will tend to generate a
pressure drop immediately above the opening of a vent or instrument orifice. This is
the basic principle behind both the venturi tube and the pitot tube, devices which
make use of the Bernoulli effect to measure the velocity of moving fluids.

It is conceivable that Bernoulli effects may have an impact on the velocity field
immediately within and above vent orifices and sulphide structures, or in some con-
figurations within instruments deployed to measure the temperature or velocity of
effluent in situ. These effects may be larger in the presence of slip, i.e. when there are
strong vertical gradients in the lateral flow of seawater past a structure. The pres-
ence of a viscous boundary layer on the outer surface of the hydrothermal mound or
vent may provide such an environment. This might have an impact on time series
measurements of the temperature of black smoker fluids made by inserting sensors
directly into the vent orifice.

(iii) Response of the seafloor to ocean tides and solid Farth deformations

Seafloor hydrostatic pressure is modulated directly by ocean tides. Peak tidal am-
plitudes in the open ocean (generally semi-diurnal peaks are predominant) are no
more than ca. 1 m (Schwiderski 1980). This presents a hydrostatic pressure variation
of roughly one part in 2.5-4.0 x 10® at the surface of a typical seafloor hydrother-
mal system. The direct effect of this on the governing equations of flow, e.g. (3.1),
(3.2) and (3.3), is small and depends on the confined or lithostatic pressure of the
system, although a time-dependent element is introduced, and some small-scale ef-
fects may arise. This may be contrasted with the effects of changes in barometric
pressure on continental aquifers and wells. Total barometric pressure on the Earth’s
surface may change by approximately five parts in 1 x 102 during the transition from
low-to-high pressure fronts, an effect one-to-two orders of magnitude greater than
that experienced by seafloor hydrothermal systems by tidal variations in hydrostatic
pressure.

In continental systems changes in barometric pressure may depress or elevate the
level of water in open artesian wells according to the relation (Bredehoeft 1967)

dpy
dp

where py, is the barometric pressure. The constant of proportionality B, the ‘baro-
metric efficiency’ a function of the porosity of the system, is seen to vary over the full

- B, (5.2)
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range of 0 to 1 in continental wells. Thus water levels in continental artesian wells
may be influenced strongly by changes in barometric pressure. While this is not ex-
pected to be the case in seafloor systems, it is imprudent to dismiss completely the
possible influence of time variations in hydrostatic pressure on the level of submarine
aquifers.

The tidal dilation of continental aquifers also acts to displace the water level
within the aquifer. Bredeheoft (1967) calculate the changes in aquifer water level
associated with tidal potentials and find these range between 102 and 1072 m.
This is quite similar to water level fluctuations reported as due to Earth tides in
slightly fractured crystalline rock (ca. 1072 m) and in sediments (ca. 1072 m) in the
southeastern United States (Marine 1975). Tt is reasonable to expect a similar process
to operate within submarine aquifers. The change in water levels in such a submarine
system, if sufficiently large, might influence the advective flow of heat to the surface
which might manifest itself as a signal with tidal periodicities. Further analysis is
required before the plausibility of this mechanism can be evaluated properly.

Davis & Becker (1994) report on an anticorrelation between temperature and
pressure within ODP Hole 858G, a drill hole penetrating deep into a sedimented hy-
drothermal system on the Juan de Fuca Ridge. Fang et al. (1993) also note a similar
effect within pore pressure measured within marine sediments, and D. Orange (per-
sonal communication, 1996) has observed related effects on the sedimented seafloor
of Monterey Canyon in California. Wang & Davis (1996) note that a pressure vari-
ation at the seafloor induces both an essentially instantaneous change in pressures
at all depths within the seafloor (i.e. an elastic response) as well as an additional
component of the pressure signal that diffuses downward with a depth-dependent at-
tenuation (see also Crawford et al. 1991). The phase shift and amplitude attenuation
of the tidally induced pressure change is frequency dependent and a function primar-
ily of hydraulic diffusivity. The skin depth of the diffusion of the seafloor pressure
disturbance is proportional to the reciprocal square-root of the product of diffusivity
and period. For typical marine sediments, this is only a few metres. Wang & Davis
(1996) suggest that internal contrasts in elastic properties (e.g. the presence of free
gas) can give rise to large instantaneous pressure changes across layer boundaries,
thus amplifying the otherwise small effect.

(iv) Seafloor tidal deformation and modulation of permeability structure

We consider a final consequence of the loading of the seafloor by ocean tides
and the deformation of the solid Earth. Under the appropriate conditions it may
be plausible to consider the sensitivity of the bulk permeability structure of the
lithospheric hydrothermal system to seafloor deformations.

The compliance of the seafloor is the complex frequency domain function (i.e.
transfer function) relating the deformation of the seafloor to the vertical normal
stress due to the pressure imposed upon the seafloor by the water column. The
vertical component of compliance may be written (Crawford et al. 1991)

u, Ou, Ou, ou,
) =2 —u [ |G+ Ty . (5.3

where u; is the particle displacement in the z; direction, p is the rigidity or shear
modulus (the first Lamé parameter), A is the second Lamé parameter, p is the density
of the material, and 7., is the vertical stress imposed on the seafloor by the water
column. The magnitude of vertical displacement of the seafloor is therefore related
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to the imposed stress and the material properties of the seafloor (i.e. the Lamé
parameters).

The unknown and potentially considerable degree of spatial heterogeneity of the
elastic properties of an active hydrothermal system make it difficult to apply these
concepts for modelling finer-scale tidally induced deformations. In such a case the
approach of Crawford et al. (1991) in measuring simultaneously the seafloor pressure
and displacement fields, and then inverting estimates of the vertical compliance for
these material properties is quite promising. This provides a means to recover, usually
in concert with allied seismic observations, the elastic properties of the lithosphere.

On the global scale, one may refer to globally averaged models of the Earth’s
elastic parameters. We have explored such an approach by making use of a series
of computer programs distributed by H. G. Wenzel of the University of Karlsruhe.
These codes use the PREM radially symmetric seismic model of elastic parameters
of the Earth’s crust and mantle, and by referring to Dehant (1987), Wahr (1981)
and Zschau & Wang (1987), make it possible to relate the tidal potential functions
to solid Earth deformations. The Earth-tide induced deformations of the Earth’s
surface are given (Bredehoeft 1967)

Uy = /_z%, Ug = é%, Uy = lsinﬁ%, (5.4)
g g 00 g d¢

where h and [ are ‘Love numbers’ (taken to be constant at the Earth’s surface)
which relate the true displacements to those predicted by equilibrium tide theory,
g is gravitational acceleration, W5 is the lunar/solar disturbing potential, r is the
radial direction, 6 is the colatitude, and ¢ is the longitude, positive eastward. The
Love numbers may be determined from the elastic properties and the density of the
material in question (Takeuchi 1950).

The solid Earth tidal displacements of the Earth’s surface relative to the geoid
may be calculated using the approach above. Displacements of nearly 1 m peak are
calculated. Of course, this value is based on an underlying radially symmetric elastic
model which may not reflect accurately the local structure within the lithospheric
hydrothermal system.

Tsuruoka et al. (1995) have used a similar approach to study the correlation be-
tween tides and triggering of earthquakes. This work includes the contributions to
the seafloor stress field of both solid Earth tides and ocean tidal loading forces and
thus is particularly appropriate for the present discussion. The maximum incremen-
tal tidal shear stress reported by Tsuruoka et al. is ca. 4000 Pa, peak-to-peak with a
predominantly semi-diurnal periodicity.

In an isotropic medium it is possible to relate the normal stresses to the normal
strains through the material constants A and p (Bredeheoft 1967)

Opp = A + ZIU,GTT, Ogg = AA + 2/116997 Opp = AA + 2M€¢¢, (55)

where the dilatation A = €, + €gg + €44.
By substituting the radial normal component of strain the dilatation is written
1-2v

1—v

A:

(€00 + €0g)s (5.6)

where v is Poisson’s ratio. In a spherical radially symmetric Earth the horizontal
components of the strain may be solved for by calculating the displacements and
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their horizontal derivatives,

1/ Oug 1 1 Oug cosf
N tall -, = —==2 - .. 5.7
€00 r<89 +u> co¢ r<81n9 09 +u951n9+u) (5:7)
Presuming that compressional stresses due to tidal effects are of similar order to
the shear stresses calculated by Tsuruoka et al. (1995), i.e. ca. 4000 Pa peak-to-
peak, and taking v ~ i we find that A ~ 1078, a figure in general agreement with

that calculated for the lunar semi-diurnal component by Bredeheoft (1967), and by
Wenzel’s computer code.

(v) A model of lithospheric permeability

While A is only a small volumetric change, the effects of this change on the effective
permeability of a cracked permeable system may be significant. We examine this by
representing the permeability of an idealized medium as that due to a network of
fine interconnected capillary tubes. Within such a tube, ‘Hagen—Poiseuille’ or pipe
flow will hold where
u(ry) = 22 (@ =)

or 4
where x is the direction of the axis of the pipe, a, is the radius of the pipe, 7,
is the radial distance from the centre of the pipe, p is the viscosity of the fluid,
and u(rp) is the velocity of the fluid in the x direction. The Reynolds number is
defined Re = pi2a,/p, where 4 is the average velocity in the pipe, given below. For
a given pressure, the average velocity of fluid flowing through the capillary tube is
proportional to the square of the tube’s radius.

The mass flux of fluid passing through the pipe is given by,

: (5.8)

op wp 0
/0 p2rrpu(ry) dr, = —éa—iaé, (5.9)
thus the mass flux is proportional to the fourth power of the pipe radius and the
average velocity @ is the mass flux divided by Wpaf).

Hagen—Poiseuille flow holds for pipe geometries of small Reynolds number. For
a given set of conditions there exists a critical pipe radius (i.e. Reynolds number)
where the flow begins to transition from laminar to turbulent. In turbulent flow the
flow rate through the pipe will be less for a given pressure gradient than for laminar
flow (Tritton 1988).

The permeability of a medium consisting of n parallel-aligned pipes of equal radius
aligned at an angle 6 to the pressure gradient, embedded within an impermeable
matrix is (Phillips 1991)

2

k= 2% 4 (5.10)
3277 ’
2

where the porosity ¢ = nrag, and where A is a 3 x 3 matrix of sines and cosines.
For capillary tubes orientated randomly relative to the pressure gradient,

-
96

This discussion does not depend critically on the assumption that permeability
is regulated entirely by systems of capillary tubes (obviously a gross simplification).

(5.11)
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Phillips (1991) notes that if tubes are replaced by an isotropic system of plane frac-
tures of crack width 6y, the permeability is

¢o3,
36

Section 3 makes it clear that providing a sufficient supply of effluent to the surface
of a hydrothermal system requires that the permeable system must have cracks
embedded within it. Throughout much of the volume of the structure flow will obey
D’arcy’s Law, but purely D’arcy flow cannot explain the large velocities and fluxes
observed in typical diffuse flow fields. Therefore in such systems bulk transport of
fluids is accelerated by the presence of cracks.

The permeability of typical oceanic basalts is constrained poorly, but values in the
range 10719-10713 m~2 have been measured, e.g. in DSDP Hole 504B, Costa Rica
Rift (Williams et al. 1986).

If the bulk permeability is crack-dominated, then to achieve the small observed
permeabilities of oceanic basalt implies that the crack widths 8y, of (5.12), or pipe
radii a, of (5.11) are on average likely to be exceedingly small. The dilatation A
is likely to be taken up largely through constriction of these small voids, thus the
commensurate change in the size of the cracks is likely to be large. This is an area of
current research, and we are investigating coupling boundary element solutions for
the deformation of cracks and tubes to models of lithospheric strain due to ocean
tidal loading and solid Earth deformations.

In the event that the O(107®) typical dilatation does lead to significant changes in
mean pipe radius, particularly if the mean pipe flow path is represented by convoluted
and tortuous pipes and cracks, the small dilatation may result in nearly unbounded
changes in bulk permeability. If the constriction forces the Reynolds number beyond
the critical range, flow will transition from laminar to turbulent, amplifying these
effects further. Such modulations of effective permeability will lead to changes in the
flow velocity field with tidal periodicities.

It has already been noted that the mass flux scales with the fourth power of pipe
radius. The advective heat flux through a pipe will therefore also scale with the
fourth power, which would then couple into the permeable part of the system, in a
complex way, through (3.2). It may be expected qualitatively that tidal effects on the
temperature of the fluids exiting the hydrothermal system may be more pronounced
that those seen in the velocity of those fluids.

The differences between the spectral characteristics of the temperature and the
velocity measurements of diffuse flow on the TAG hydrothermal mound have been
pointed out previously. The frequency-dependence of seafloor compliance may pro-
vide a means of modulating the spectrum of the effluent temperature and velocity in
different ways. The stresses imposed on the lithosphere by diurnal ocean tides will
tend to penetrate to greater depths than those due to semi-diurnal tides. This too is
an area of current research.

k (5.12)

(vi) Continental analogues

Rinehart (1980) discusses the relationship between continental solid Earth tidal
deformations and the average interval between geyser eruptions in geothermal sys-
tems. In addition to the familiar diurnal and semi-diurnal modulations, he considers
further the fortnightly, semi-annual and even longer period astronomical tidal cycles
and corresponding deformations. Rinehart concurs that the elastic effect on com-
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petent rocks results in dilatations of order 10~7~1078. He interprets the inelastic
deformation to arise from the compression and dilatation of the pores and voids
within such geothermal systems, and that this may be governing the tidal response.

In continental systems, the diurnal and semi-diurnal tides have little appreciable
effect on geyser activity, despite these being associated with the largest elastic dilata-
tion of any of the solid Earth tides. There is, however, a striking correlation between
the fortnightly tidal peak, as well as even longer period tidal variations extending to
months and years, and the mean interval between geyser eruptions at the Riverside,
Old Faithful, Grand and Steamboat geysers in North America (Rinehart 1980).

The possibility that very long period, or secular variations in the permeability
structure of the oceanic lithosphere may be linked to tidal loading and deforma-
tion may lead to very considerable uncertainty in efforts to quantify hydrothermal
fluxes made from repeated spot measurement episodes over sequential field seasons.
Rather, combining hydrothermal measurements with geodetic observations, and do-
ing so in the form of quasi-permanent seafloor observatories may prove the most
effective means of studying the interaction between the oceanic lithosphere and the
hydrosphere.
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