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Thermal Aspects of Ore Formation

LAWRENCE M. CATHLES lii
Department of Geologicol Sciences, Comell University

As the title of this book suggests, understanding the geochemistry of
hydrothermal ore deposits involves understanding the interactions between
hydrologic and thermal processes. Perhaps the most important thermal inter-
action is the advection of heat by water moving through a permeable porous
or fractured lithic matrix in which there are temperature gradients. Water
movement through temperature or other physical gradients (such as pressure
or salinity) drives chemical change. For example, silica may be deposited if
pore waters move from areas of higher to lower temperature because the sol-
ubility of silica is temperature dependent. Thus there can be a direct connec-
tion between fluid movement through temperature gradients and ore deposi-
tion. How much ore is deposited depends on how fast the thermal gradients
move through the subsurface. Pore-fluid movements cause temperature gra-
dients to migrate in the direction of fluid flow. The pore waters may be driven
by the temperature gradients themselves (convection) or by an independent
process. The important point is that fluid movements cause the subsurface
temperature distribution to change if it is not uniform. Some of the strongest
constraints on hydrothermal ore deposition are thermal.

The thermal aspects of ore formation can be investigated in a variety of
ways. One way is to construct coupled numerical computer models of tem-
perature and fluid flow and simulate the evolution of geologic systems of
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cm? fem?-s. It is the number of cubic centimeters of pore water that pass
a 1-cm? section perpendicular to the flow per second. The Darcy flux, as we
shall call it henceforth, is the velocity the pore fluid would have if it occupied
the entire space instead of the space represented by the pores through which
water is moving in the porous medium. Because the moving water occupies
only the flowing porosity, ¢, the true velocity of the pore water is | /¢y.

It has been assumed in equation (5.1) that the pore fluid is incompressible
(e.g., V-] =0), and that pC is constant. These are useful and nonrestrictive
assumptions. Term by term, equation (5.1) states that the change of heat in
a unit volume of the porous medium over a time, dt (first term on the left),
equals the heat generated within that volume over dt (first term to the right
of the equal sign), plus the heat advected into the volume by fluid flow, plus
the net heat conducted into the volume (last term on right).

Migrating Thermal Fronts

Heat advection can be investigated with equation (5.1) by switching to a
coordinate system that moves with thermal anomalies. Subsurface tempera-
ture will, in general, vary so that temperature is a function of spatial position
and time. Symbolically we write T = T(x,), where x is the position vector
with components of x; along the x axis lying in the i direction, and so on, so
that x = xqi +x3j + x3k. Because T depends on both x and ¢, the total deriva-
tive of T follows from the chain rule. The total change in T equals the partial
change in T with respect to ¢, at a fixed location in space, multiplied by the
incremental change in ¢, plus the partial change in T with respect to space,
at a particular instant of time, multiplied by the change in spatial location
with time, multiplied by the incremental change in time:

aT aT Ix;
DT(x,t):(—) Dt+(—) (—) Dz
at X; =const. aXi t=const. ot t=const.

Rearranging and letting (9%;/9%)t-const. = v, this equation may be rewritten:

a—ng—v-V'T (5.2)
ot Dt

To understand equation {5.2), imagine an observer standing beside a mov-
ing train of refrigerator cars. If the temperature of a particular car changes,
DT/Dt # 0. If the train is moving and the cars do not all have the same
temperature so that v-VT # 0, then the temperature of cars in front of
a stationary observer will change. Suppose the train is traveling in the x
direction at one car per minute, each car maintains constant temperature
so that DT/Dt = 0, but the temperature in each adjacent car (in the pos-
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# B e VT (5.4)
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deposit silica and other minerals. The deposition will be small because the
water/rock ratio is small so long as the thermal front is allowed to migrate.
For example, taking into account both temperature and fluid density, the
geologic solubility of quartz peaks at about 2500 ppm (Cathles, 1983). At
a water/rock mass ratio of 0.2 the maximum silicification expected from a
freely migrating thermal front is 0.5 wt %. More sophisticated computer
simulations confirm this conclusion (Cathles, 1983).

A silicification of 0.5 wt % is disappointingly small and we arrive at a first
conclusion of importance to hydrothermal ore deposition: significant thermal
deposition of silica (or any other mineral, because other minerals are gen-
erally a great deal less soluble than silica) can be expected only where ther-
mal anomalies are immobilized. Immobilization can occur where the thermal
front reaches the surface, where there is fluid boiling and the temperature
is constrained to follow the liquid-vapor curve of water, or in areas where
cold fluids mix with hot ones. In such areas, significant amounts of silica and
other minerals with prograde solubilities may be deposited as the result of
temperature drop and other processes. But unless physical factors conspire
to immobilize a thermal anomaly, only very minor amounts of material (sil-
ica or base metals) can be deposited as a result of temperature change by
fluids moving through that anomaly. Note that we do not consider contrasts
in rock reactivity and skarn formation here.

The approach outlined above is quite general. The thermal front migrates

at a rate equal to the product of the Darcy flux times the ratio of the ther-
mal storage capacity of the fluid to that of the solid plus pore water com-
bined. Chemical fronts migrate according to the same principle. For example,
warm water dissolves about 25 wt% NaCl. The salt dissolution front in a
sandstone that has a density of 2.5 g/cm?, contains 20 wt % salt, and has
10% porosity will move at about half the Darcy flux because the sandstone
carries 0.525 g NaCl/cm? solid, whereas the fluid carries 0.25 g NaCl/em?
fluid. Under isothermal conditions, an oxygen isotopic front will migrate at
about half the Darcy flux because water contains about 56 mol of oxygen
per 1000 cm? of water, whereas rock contains about 100 mol of oxygen per
1000 cm? of rock. Hydrogen isotopic anomalies will migrate at about 18
times the Darcy flux because water contains about 111 mol of hydrogen per
1000 cm? of water, whereas rock contains only about 6 mol of hydrogen per
1000 em? of rock. In each case the movement of the chemical front could
be followed by substituting an expression similar to (5.3) and (5.4) into a
conservation equation similar to (5.1). In each case the motion of the front
would adequately be described by the average velocity, but diffusion and dis-
persion would smear the front out with time. The smearing by diffusion and
dispersion is characterized by a Peclet number; further smearing due to finite
reaction rates can be characterized by a Damkohler number. Examples and
further discussion are available in the literature (Cathles, 1983; Lassey and
Blatner, 1988; Blattner and Lassey, 1989; Banner and Hanson, 1990; Cathles
and Shea, 1992).
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Thermal Anomalies at the Surface

VERTICAL FLOW

A se(;:ond very useful relationship can be deduced from equation {5.1). The
Steady-state temperature distribution near the surface can be determined, in
3

the case where tht.ere are no thermal sources or sinks and the vertical outflow
(J, > 0) of water is known, by solving =

PT _pCl, 3T 1 3T
9z2 Kn 9z 5 oz .45

F(_)r convenience we have defined a skin depth § = Kip/pCJ,. Substituti
trial solutzon. T=e" results in the algebraic equation, 2 — (21-/5)r =0 Wll'lzgcs
has the solutions r= 0 and r - 1/8. The solution to equation (5.6) thus,has :h
general form of T= A + Be?®. The boundary conditions Tz=0)=0 require:

A = -B, and iti = i {
=T and the condition that T(z - L) = Ty requires A = To/(1 - e 178y

1 - exp(z/8)
1 - exp(-L/8) (5-7)

T

-
Plotting equation (5.7) shows that the verti i

gradient increases linearly with depth, andr:}llcea;;:ttf}l?)‘::ifsr:ag;f? i(th;fmal
When the‘vertical fluid outflow is large and & small the te’ o s
rapidly with depth to Ty according to T=Ty(1 - ;Z/a)
equals K, To/5. Between a depth of ~28 and L the te
and equal. to Ty. Remember in these equations that de
and "egative as one proceeds into the subsurface. This
gradients was first solved by Bredehoeft and Papado
and additional discussion can be found there.

Mmperature increases
» and the heat flow, J,
mperature is constant
pth is positive upward,
problem of geothermal
polos (1965) and plots

/100 suggests.
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The concept of skin depth can be very useful. For example, trace-cle-
ment distributions suggest that the upper 20 m of the Amulet Rhyolite at
Noranda was originally a basalt that has been silicified. If the silicification
reflects outflow and near-surface cooling, then § = 20 m and the fluid out-
flow, taking Km = 6 x 1073 cal/cm-s-°C, must have been about 94 g/cm?-yr
(= Km/pC8). For Ty = 350°C, heat flow over the silicified area was ToKp /8
= (350) (6% 1073)/(20% 102) = 1000 gcal/cm?-s or HFU, where normal heat
flow is about 1.5 HFU. To deposit 10 wt% silica over a 20-m depth range, or
about 520 g silica/em?, requires 2000 years of such discharge, assuming the
350°C solutions precipitated 2500 ppm silica as they vented. In 2000 years
at 1000 HFU, 6 x 1017 cal (2.5 x 10'8 J) are vented per square kilometer.
At 1018 cal/km® (Norton and Cathles, 1979), the heat required to silicify 1
km? of surface requires 0.6 km® of basaltic magma.

There could easily be ~170 km? of silicification at Noranda (Uzmann,
1993). An intrusive volume of 100 kw3 would be required to produce
this possible silicification. The exposed area of the Flavrian tonnalite is
~150 km?, however, so even if the thickness of the Flavrian were only a few
kilometers, there is plenty of heat available from the intrusive. This is not
intended to resolve the history of Noranda, but to illustrate the use of the
equations developed above. Clearly a volume of silicified material requires a
certain intrusive volume to supply enough heat. If hydrothermal silicification
is extensive, a large intrusive heat source is required. The size of the intrusion
can be estimated and could be of interest in mineral exploration.

FLOW FROM A SHALLOW-DIPPING AQUIFER

A similar approach can be used to analyze the steady-state temperature distri-
bution due to outflow from a shallow-dipping aquifer system. If the aquifer
segments are linear and the aquifer is thin compared to its depth, the tem-
perature profile in each aquifer segment is determined by the temperature at
a single point in that segment. If temperature at a single point in the segment
is known, the temperature everywhere in the segment can be calculated. Seg-
ments may thus be joined together or daisy-chained with the temperature
at the end of each segment controlling the temperature profile in the next
segment. In this way, temperatures along the entire flow path can be deter-
mined by the flow rate and the temperature at just one point along the path.
Since inflow temperatures will be close to ambient, temperatures can easily
be calculated along any subsurface flow path in a sedimentary basin.

The daisy-chain method sketched above is fully described in Cathles
(1987) and is used there to show that a Darcy flux of at least 15 m/yr in
a 30-m thick aquifer is required to produce a 35°C temperature anomaly at
1-km depth when the inflow to the aquifer at 5-km depth is 300°C above the
ambient surface temperature of 15°C and the dip of the aquifer is 1% (0.5°).
The vertical flow rate in the aquifer is 0.15 m/yr. The thermal conductivity
of the basin in this case is 3.5 x 1073 (a low value), and the heat flow a rela-
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tively high 2.1 HFU, so that the normal (unperturbed) temperature gradient
in the basin is 60°C/km. Under these circumstances temperatures of 110°C
are reached at 1-km depth. These temperatures and depths are appropriate
for the formation of Mississippi Valley-type lead—zinc deposits. The 315°C
temperature at 5-km depth is very hot for a sedimentary basin. For cooler
basins greater expulsion rates would be required.

Faster expulsion rates could increase aquifer temperatures at 1-km depth
to the inflow temperature at the bottom of the basin (315°C in the above
example). If the flow is topographically driven, however, so that the fluids

thermal gradients to be inverted and aquifer flow rates to be inferred. Near-
surface temperature gradients can be related very directly to fluid flow and

can be used under certain circumstances to measure the rates of fluid flow in
aquifers.

RATES OF SUBSURFACE FLUID FLOW

The other physical side of hydrothermal ore deposition involves the rates
and mechanisms of fluid movement. Subsurface fluid flow can be driven by
a variety of processes. Flow may be driven by differences in water-table eleva-
tion. Because the water table tends to follow topography, this kind of flow
is often called topography-driven flow. Flow can be driven by density dif-
ferences produced by temperature or salinity anomalies. This kind of flow

ous examples, which are referred to here as metamorphic and maturation
expulsion,

The flow rates produced through these mechanisms can be estimated by
simple calculations. The flow of warer that can be produced by each mech-
anism is considered in turn in the following sections. The most important
basic equation governing fluid flow is Darcy’s Law. It expresses conserva-
tion of momentum in a dissipative porous medium where inertial forces are
unimportant. Darcy’s Law can be written
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]:,k (VP - pg) (5.8)
n

where J is the Darcy flux in cm/s as before, k is the permeability of the}poroqs
medium in cm?, 7 is the viscosity of the pore fluid in g/f:rn_-s or po3156, Pis
the pressure in dyn/em?, p is the density of the pore ﬂux_d in g/em?, a.ndlg
is the acceleration of gravity in cm/s?. The positive z axis points vertical y
upward, so g = —gz.

Topography-Driven Fluid Flow

ter hydrology covers topography-driven fluid flow, and many
ggg Ill:i‘;i referznces fry; available (De Wiest, 1_965; Bear’, 1972; Freeze ijnd
Cherry, 1979). Groundwater hydrologists modify Darcys. Law to cm?:ssl 8e)r
only constant-density water. Settin_g p = po = constant in equation (5.8),
—-pg = pogZ = V{pogz), so that equation (5.8) becomes

=X WP pg) (5.9)
n

Suppose, as shown in Figure 5.1, that the eleva.tion of the pfrﬁ)rateclll pag
of a well casing (where pore waters are allowed in gnd out of the well an
therefore where aquifer fluid pressure is measured) is measured in Cflngm;
ters above sea level (or any other convenient elevation datum) and called the

J Y &
hy
h ]
4
Z
v v

Sea Level

FIGURE 5.1  Schematic diagram showing the elevation, z, of perforated parts of 0 we_ﬂ relafive o refe;ence dcllmijhm
such as sea level, the elevation of the water in the well relafive to the chservation point (perforations), . ond the

elevation, h, relafive o sea level (h = hy+ 2.
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elevation head, z. Suppose also that the static height of the water in the well
is measured relative to the same datum and called the hydraulic head, h. The
pressure at z equals the static standing column of water in the well and can be
expressed as: P = (h— z)pog. Substituting this expression for P into equation
(5.9), and noting that py and & are both constant and thus may be moved

outside the gradient operator, yields the hydrogist’s form of Darcy’s Law:
J==E o (5.10)
n

where K is the hydraulic conductivity.

In equation (5.10) K has units of em/s. It is common for K to be given
a wide variety of different units. For example, in Figure 5.2 X has units of
m/yr. From equation (5.10) hydraulic conductivity, K, and permeability, k,
are related: K{cm/s] = pogk/n = 10°k[cm?]. A more usual unit of measure
for k is the darcy, where 1 darcy = 108 ¢m?2. Thus K[m/s] = 10~k [darcies].

Hydraulic conductivity can be measured in a particularly simple way that
is the basis for the percolation test required for septic tanks. Hydraulic con-
ductivity is the maximum flux (sprinkling rate) a porous medium can accom-
modate without ponding. As illustrated in Figure 5.1, the hydraulic head, h,
in equation (5.10} is the sum of the pressure head, hy, and the elevation head,
2, so that h = hy + 2. If there is no ponding and the water saturation of the
soil is almost, but not quite, 100%, the pressure head ig zero (atmospheric)
everywhere in the soil. The head is therefore exactly the elevation head. Con-
sequently, Vh = Vz =1, and, from equation (5.10), J; = —K. Thus hydraulic
conductivity is directly measured by the maximum rate at which water can
seep into the ground without ponding.

Figure 5.2 shows that the hydraulic conductivity of naturally occurring
material varies from 10~ to 107m/yr. Gravels could allow water to seep into
the ground at a rate that would allow a column of water 10,000 km high to
disappear in one year, while clays could prevent even 0.1 um of water from
seeping into the ground in one year. There is a 13 order-of-magnitude range
in the permeabilities of natural materials!

Fortunately, yearly precipitation places an upper bound on topographi-
cally driven flow rates. Typically, one-third of the rainfall in an area infil-
trates. Rainfalls of 10 m/yr and more occur In some rain forests but generally
rainfall is less than 1 m/yr. Flow in a shallow-dipping aquifer is increased by
the infiltration divided by the sine of the dip angle. For a §° dip the infiltra-
tion is increased by an order of magnitude; for 0.5° (or 1%) dip the increase
is two orders of magnitude. All considered, an approximate upper bound
on Darcy flux for topographically driven flow is ~30 m/yr, but usually the
Darcy flux in aquifers is ~0.1-1 m/yr, giving (for 10% porosity) true fluid
velocities between 1 and 10 m/yr. The true velocity of groundwater through
the J Aquifer in the Great Artesian Basin of Australia, for example, is ~1-§
m/yr (Halbermehl, 1984).
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(m/yr) (darcy) (cm*2)
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=
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10+-3 & E E 10*.6
- 10%-4 597 - 10%.7 - 10%.15
~ 10*.5 & l - 10*-8 L 10*-16
=
L 10*6 B
Hydraulic Permeability
Conductivity
FIGURE 5.2 Hydroulic conductivifies and permeabilities of common sediment and rack types (adapted from Freeze and
Cherry, 1979).

Convective Flow

Convective flow is driven by differences in fluid density. As dxslcus_sed 111r1
Chapter 10 of Barnes (1979), a great deal can be ]earnevd by exploring tbe
conditions under which no flow will oceur. From‘equation (5.9)1. ¥ can (;
zero if the permeability is zero (not a very interesting or even realistic case
or if

0=VP-pg

Writing out the vector components of this equation explicitly,
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Z[:](I);v: ;gat; Zheret_wil[l be no convective flow if fluid density is a function of »
vertical pressure gradient at any depth 1 i
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where T; i i
g n'];s ISt »the amblel}t average temperature at the surface. Note that. since
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vection cells will develop. This convection will produce and sustain horizon-
tal temperature gradients appropriate to drive the convection. The free fluid
circulation is more vigorous the more supercritical the Raleigh number and
will continue until mineral precipitation or other processes reduce the per-
meability and the Raleigh number falls below its critical value. There is no
free convection if the Raleigh number is less than its critical value.

Convective pore-water circulation can also occur if external factors set up
horizontal variations in fluid density. This is called forced convection and is
the most important kind of convection for hydrothermal ore deposits. Hor-
izontal temperature gradients and forced convection are produced along the
near-vertical boundaries of an intrusive body and by horizontal variations
in rock thermal conductivity. Convection is forced in the sense that it will
occur at the rate allowed by the permeability regardless of whether a critical
Raleigh number has been exceeded or not.

FREE CONVECTION
The Raleigh number, R, is given by the following expressions:

N Cp2gakH>Gr

7K (5.13)

R

where H is the thickness of the lithologic layer and the other parameters
are as defined previously. The critical Raleigh number depends on whether
free flow is allowed out the top surface of the layer. If free flow is allowed,
R¢ =27 and if free flow is not allowed R = 4% (Lapwood, 1948). For G =
25°C/km and H = 5 km, the free-flow critical Raleigh number is exceeded
if k > 0.3 millidarcy (0.3 x 1071 cm?). This is a reasonable permeability for
the subsurface, as indicated by measurements in the Gallapagos area (Fehn
et al., 1983), and therefore free convection could be an important geological
process. It could cause significant subsurface redistribution of silica. Salinity
stratification (Frape and Fritz, 1987) probably eliminates free convection in
most old terrains, however.

The maximum vertical flow rate for the no-outflow boundary condition is
proportional to the square root of the difference between the Raleigh number
and the critical Raleigh number (Donaldson, 1962; Combarnous and Bories,

1975):

V2
]z: ocH

(R-R.)%3 (5.14)

For K =4 x 1073 cal/em-s-°C, H = § km, pC = 1, R = 50, and Rg = 472,
J» = 0.012 m/yr. For R=100, J, = 0.028 m/yr.
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FORCED CONVECTION NEAR AN INTRUSION OR SALT DOME

Forced convection is of
because it can be much

P(x,7) = Py(z) + Py (x,¢) (5.15a)
o(x,t) = po(z) +p1(x,t) (5.15b)
Ti(%,t) = Ty(z) + Ty (x, 1) (5.15¢)

Since from equation (5.11) no fluid flow re

of equation (5.15b) into {5.8) vields a 1'1ewqum:S el _——

form of Darcy’s Law:

k
I -y (VP1 - p1g) (5.16)

‘It can be seen explicitly from equation (5.16)
is (ljrlven by pressure and fluid density pertur
mal or zero-

e o-order (no flow) values of these vari
(5.12a,b,c).

Convective inflow near ap i i
n intrusive b i
P B g} ody will not perturb subsurface fluid

! : ow will be o
there is no barrier between areas of A oI

nearhan mtrusive, cold water hydrostati

ont

iy Oeftilp%cz)w zone (Elder, 1966). They will squeeze and narrow it unti] th

T ot p dv.v compensates for the lower density of the hot fluids and he
gradient in the upwelling areas matches the cold water hydrostattii

gradient. Mathematically. thi i
¥, this means that i
TP, b Tp hemati o A atin equation (5.16) the upflow zone

thgt flow in the subsurface
bations relative to the nor-
zbles that are given in equa-

f s £
= e (5.17)
Since g = g7, and 21 = —pooaTy,

: the rate of ¢ i
flow at the margin of an intrusive is Hermaly Hocee Fomecte

J- kopogaTy
Hﬁ‘ z (5.18)

Fora=10%/°C, g~ 103 em/s? k=1 millidarcy = 10-11

s,and Ty = 300°C, J = 0.47 Cm29 L

m/yr. The upflow rate near an intrusion margin
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is thus about
J = 0.47k[md] m/yr

If the permeability were 10 millidarcies {md), for example, the vertical Darcy
flux would be 4.7 m/yr; if T7 were 150°C rather than 300°C the flow rate
would be halved.

Rates of haline convection can be estimated in the same way. The per-
turbation in density is due to salinity rather than temperature. If salinity, C,
is measured as the mass fraction salt, p1 = pgoC, and cases of haline con-
vection near the margin of a salt dome can immediately be estimated from
equation (5.17). For the same parameters as before and 1-millidarcy perme-
ability, the downflow near a salt dome that causes adjacent fluids to be 22
wt % more saline than adjacent regional fluids would be ~0.34 m/yr. The
flow rate is a little less than the thermal upflow rate in the previous exam-
ple because the perturbation of density caused by increasing temperature by
300°C is 0.3 g/cm?®, whereas the increase in density due to salt addition

is ~0.22 g/cm?.

FORCED CONVECTION IN SEDIMENTARY STRATA

Another example of forced convection that is indirectly of considerable eco-
nomic interest is the forced convection that occurs when lithologic strata of
differing thermal conductivity are folded. If sedimentary strata with differing
thermal conductivities are deformed such that their contact is no longer hor-
izontal, horizontal temperature gradients are established and these gradients
drive forced convection.

The magnitude of the forced convection can be estimated in a fashion iden-
tical to that used in the preceding section. Consider a sand layer enclosed by
shale (Figure 5.3). If a sand layer, of thickness Ah and thermal conductiv-
ity K, is dipping at a small angle with slope S, the regional heat flow, [y,
is uniform, and the thermal conductivity of the shale is K, the difference in
temperature horizontally across a sand layer, AT, as illustrated in Figure 5.3

18

T= To‘i‘AhJH/Ks

Shale
FIGURE 5.3  Temperctures ot the same elevation on either side of o shalehosted sond loyer of thickness Ah.
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7-(p 4 an J8) (o L2 g J1)

_ Ah] H ( K 1
K, K ) (5.19)
If o
enclostélsei:h telf;n tﬁ‘nzz::::lf;;w?thof e ?aI}lld is greater than the shale that
i ture at the top of the sand | i
than at the same depth in the middle of the layer, aiﬂe:h‘:ltlinl?nepAT/z e

bottom of the layer will be —A erature at the

T/2 less than that in the middle of the layer

temperatures and fluid densities in the middle of(?:izeln;;:rt lﬁﬁgﬁgi byﬂtl.le
] cy flux

along the top of th g
(518 e sand layer, J i+, then follows immediately from equation

Ir=X (p a 2T
7 (P00 —= | (go§) (5.20)

where is gi i
paraneﬁ: tllsleg;\_rgn b); elguatlon (5.1?). Note that only the component of
S il 1d§§ of the sand layer is effective in driving flow and theref s
e l:['nlo i ed to gOS,_ where § is the slope of the layer. o
€ sand layer is sinusoidally folded with amplitude a ar.1d wavelength

)\, an 15 n ¥ =
d/}\; take t(() ].‘r{i t)hE maximum SIOPB QO the la €r at x )\/2 kle] l'hat S

k 1 Ah
Jr = — ( A Ju [ K 2.
I ¥ A Ke (? = 1) )(go %) (5.21)

This ie ider
b}lrussh;s[:c(lglncfal to the exact solution for a simple folded layer surrounded
e avis et al., 1285). The vertical fluid velocity is J+S = J Zun :
v _gngi-; 531.2 % 107° cal/em?-s, Ah = 100 m, K =3 x {|0’3—caill;( m/c’)\).
a;d—the Gtger cal/cm-s-°C, \ = lq km, a =100 m, k = 10 darcies 1‘[:]?17:;119
s | ijarameters are as in the previous calculations J+=08 :
(1932§ _Th. m]ﬁyr, v.a]ues close to those estimated by Wo’od ’an_d Hm/Yf
nonhor.izon::lsuhs;arlllna] fc(i)rced circulation can occur in thick perm:;?j;t
, shale-hoste ies j f .
iy sdacwes sand bodies just as a consequence of contrasting
Because convection can i
Because : persist for very lo i 1 i
l1('6;:}1str¥but10n of silica may result (Woodyandn%{g:;?tdslgg;me, i
F}. owing Wood and Hewett and taki 4 ) o ol
;;{flss)_lglzﬁgysf)és ppm Sioz/"sc, a vertical upflow of § ¢m
10 /yr]= (5% 10~ gSiOZ/gHZO)(PHzO/ﬂSiOZ)GTVzL and 10

Rotes of Subsurface Fluid Flow 207

vol % silica can be deposited in 43 million years [= (0.1 cm? 810y fem?) /(2.5
% 107° cm3 810z /cm3-hr)].

FORCED COMVECTION IN A RADIOGENIC INTRUSION

Finally, radiogenic heat can steadily maintain horizontal temperature gradi-
ents and drive forced convection. Fehn et al. {1983) showed that if the perme-
ability was very low so that there was no convection, an intrusion having the
size and radioactivity of the Conway, New Hampshire Granite would steadily
maintain its center at 10-km depth at temperatures ~140°C hotter than those
at the same depth far from the intrusion. If the granite and its surround-
ings had 0.1-millidarcy permeability, the Darcy flux through the intrusion
would be a few centimeters per year, and a mass of water equal to that of the
Conway Granite could be circulated through it in less than 10 million years.
Fehn et al. suggested that such radiogenic thermal circulation could account
for vein uranium deposits associated with radiogenic intrusions. Whenever a
radiogenic granite is fractured, circulation may remobilize uranium into the
fracture system. Long-lived radiogenic convection may also have produced
the china clays in Cornwall (U. Fehn, personal communication, 1983}.

Expulsive Flow

Fluids can be expelled from a basin by compaction or as the result of reac-
tions that convert salids to lower density fluids. The expulsion rate can be
estimated by equations expressing conservation of solid and fluid mass.

Conservation of solid mass for uniform sediments requires that the same
solid mass pass all depth horizons as the basin subsides. If vs(z) indicates the
subsidence rate (relative to the basin surface), this means that

vs(z)[1 — ¢{z)] = constant

Application to both the surface and depth z shows that the subsidence at
depth z is a function of the surface sedimentation rate 5, the deposition poros-

ity ¢, and the porosity at z, ${z):

1-dp
vs(z) =S 1= 40 (5.22)

COMPACTIVE EXPULSION
Conservation of pore-fluid mass requires that the compactive efflux of pore
fluids at a depth z, Jc(z), equal the difference between the water carried in

at z and out at the base of the basin, z = b:

Je(z) = vs(z)(z) — vs(b)o(b)
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If the basement is considered imp.
(as is assumed here)
direction of flow (
equation (5.22),

mpermeable and there is no horizontal flow
)s the expu.lswe Darcy flux will be vertically upward. The
sign of ) is provided by geological considerations, From

AN _ 1-¢(z)
Icz) («as(z) 9(b) 7 ¢(b)) vz (5.23)
A “typical” compaction curve (Hanor, 1979) is

@(z) = 0.7 exp(0.57z[km]) (5.24)

;vhere z is measured in kilometers and is negative downward into the basin
rom 2 = 0 at the basin surface. Taking b = ~8 km and z = —3. we find
2

#(z=0)=0.70=¢g
Plz=-3km)=0.13

z
#(z = -8 km) = 0.007
Je(z=-3 km)=0.12v,
vz(z=-3 km) = 0.34§
Jelz = -3 km) = 0.045 (5.25)

For §=0.1 to 1 km/Ma,

Jelz=-3km)=4x 107 t04 x 1076 m/yr

Cc:impactlve ﬂu}d expulsion rates from sedimentary basins are about four
orders of magmtud.e smaller than the topographic and convective Darcy flux
rates we have previously been considering.

AQUATHERMAL EXPULSION

Pore fluids are also expelled from a basin as the pore fluids are buried, heated

fmd thermally expand. For uniform burial rates the rate of heating is approx-
imately constant and can be characterized by H,. For example, in a basin
accumulating sediments at 1 km/Ma, H, would be about ZSDé/Ma if the
geothermal gradient in the basin, Gr, were ~25°C/km. If the coefficient of
thermal expansion of the pore fluid is o, the increase in pore fluid volume at
any depth is ¢(z)aH,, and the total rate of expansion between z and b, and
therefore the total aquathermal expulsion, [, is ’

b
Fasleh= j Bz)eH, dz
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If we approximate H; = v4(z = -3 km)Gr, integration together with equation
(5.24) yields
_ ¢lz=-3 km] - ¢{b)

Jatlz=-3 km) = = E— aGrvy(z=-3 km) (5.26)

For o = 1073/°C and a thermal gradient Gt = 25°C/km, and b = § km as
before, equation (5.26) gives

Jat{z=-3 km) = 0.005v,

Aguathermal expulsion is about 4% of compactive expulsion.

MATURATION EXPULSION

The vertical flux of fluids from chemical reactions in a sedimentary basin is
easily estimated if those reactions begin below z and go to completion above
the basement, z = b. If the grade of the reacting material is ¢; grams of i
per gram of solids, ps is the density of the solids, and A V; is the change in
volume upon complete reaction of i, the upper bound on the fluid flux, J;,
due to reaction i is

Ji<aAVcipsv, (5.27)

The efflux will be less than indicated by equation (5.27) because the reaction
goes to completion below z, where the subsidence rate is less than v,.

Kerogen matures progressively to gas in the deep portions of sedimentary
basins (see Chapter 12). The deeper methane-generating reactions that gen-
erally occur below a 3-km depth are dominated by the conversion of earlier-
generated oil to methane. For type Il (marine) kerogen about 0.4 g of oil
with density 0.8 g/cm3 are generated per gram of original kerogen, and the
oil decomposes to 0.24 g CHg with density ~0.16 g/cm?® and 0.16 g of residua
with density 2 g/cm3 (J. Hunt, personal communication, 1989). The density
of methane given here was calculated for 87°C and 290 bars using the Behar
(Behar et al., 1985) equation of state. These pressures and temperatures are
typical of conditions at a 3-km depth in hydrostatically pressured sediments
above the overpressured zones that typically lie below this depth in actively
infilling basins., The volume change of the oil decomposition reaction is 1.1
cm3/g kerogen. Thus if ckps = 0.1, from equation (5.25)

]CHq =0.11v, (5.28)

Comparing equation (5.28) with (5.25) shows that the efflux of pore flu-
ids due to the maturation of reasonably organic-rich sediments in a basin
is comparable to the efflux that could be caused by compaction! The burial
of organic-rich sediments into the gas generation window can be as effec-
tive in generating overpressures and expelling pore fluids as compaction, a
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possibility of considerable interest to the formation of Mississippi Valley-
type (MVT) deposits. It was suggested as a fluid expulsion mechanism for
the classic midcontinent of the United States by Rich (1927) and has inter-
esting implications for coupling fluid expulsion and the formation of MVT
lead—zinc deposits to sea level regressions (Eisenlohr et al., 1994),

METAMORPHIC EXPULSION

Amphibolite grade metamorphic reactions liberate water bound in hydrous
minerals. Likely rates of metamorphic fluid expulsion can be estimated in a
fashion similar to that discussed above if v, is considered the migration rate
of a thermal front away from an intrusive body rather than the subsidence
rate at z. This is because, in equation (5.24), v, is really an estimate of the
rate at which the thermal gradient moves through sediments in the basin,

For example, far enough up in the sedimentary sequence, temperatures are
cool enough that the reaction in question has

the basin, temperatures are hot enough that
Because the geothermal gradient in a basin is
imentation rates considered here, the subsid
which sediments move across the maturatio

We need a way to estimate how rapidly the intrusive will heat its sur-
roundings. A conductive thermal front migrates a distance z = 2kt away
from the hot surface of an intrusion in time ¢ (Carslaw and Jaeger, 1959)
Taking the derivative of this expression, we see that the rate of migration of

the temperature isotherms is proportional to the thermal diffusivity of the
rock and inversely proportional to time

vy = \/% (5.29)

56
t[Ma]
=35.6-177 kn/Ma for ¢ = 105 to 103 yr

the reaction is fully completed.
not affected greatly by the sed-
ence velocity, v,, is the rate at
n boundary.

For x = 0.01 cm2/s,

vz[km/Ma] =

This calculation presumes that metamorphism is driven by igneous intru-
sion or delamination of the lithosphere. Evidence of fluid flow and high-
T, low-P metamorphism during deformation suggests this geologic concept
(Etheridge et al., 1987; Loosveld and Etheridge, 1990; Sandiford and Pow-
ell, 1991), Metamorphism by overthrusting produces slower rates of fluid
expulsion, as will be briefly reviewed below.

It can be seen from equation (5.29)
front, although very rapid immediatel
km/Ma after 1000 years. The most r

that the migration rate of a thermal
y following intrusion, drops to <200
elevant time interval is between ~103
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is i i igrate out-
-10¢ because over this interval of time temperatures mi :
arﬁd }B)nf e?)rsl’v.i etco ~11 km and this is therefore the interval of time during
W ~0. :
which most of the rock volume is metamorphosend. e e
Because metamorphic reactions ]iberatfa ~1wt % COz an il oo
(Phillips et al., 1987; Labotka, 1991) Wlthout.much density chang s
hydrous minerals, taking a fluid density of 1 ylt(:gd; ;)]v%ume; dce ria::gg:ht Ca;e
3 . . S
3 /em? [which equates to AV ¢;p in equation (5.27)]. Con .
i gt e i d heat the overlying cover
ills are emplaced under extensive areas an : ¢
;:;V)lr1 i];:vs;lrfi conduftion, equation (5.29) indicates that the metamorphic fluid
expulsion rates will typically be

Jmer = 0.1v; @301

1 i Ision rates
is i ut the same as the compaction and maturation expul i
’;};il:n::;ib?n equations (5.25) and (5.27). Howeve.r, the coEchzz: :gtir;an
tion of thermal fronts is much faster than the sed.lment 51:) si fj‘ i el
sedimentary basins. For v, = 200 km/Ma, equation (Sf ) ing 1<:t'3S i
Jmer = 0.02 m/yr, a value in general agreement with other estima
g 992). .
longrf;;l:h?cilli’efl jc:‘;;?;l:); met)amorphic model (sudden overt}?rustmg anci
doubling of the crustal thickness followed by erosion), th;: ;;(E:‘l:zﬁ ;;tsstﬁra :
much smaller. In this case, Connolly and Thompson_(}9 e chmrshat
metamorphic fluids will be expelled at up to 6 x 1.0 rzgyr,ema e
rate as they are expelled in the most actively infilling sedimentary

compaction or gas generation.

Summary

The estimates of subsurface ﬂuid_ﬂuxes made‘abgvc are, O[f:z;:z; ?:%fﬁ;;_
imate. Nevertheless, broad magnitude gen.erahzanons c?ln g
R s Compacgv'e exgglség?arsz[:\:irrfs isu lthse slowest major
i arbons generated in sedim : :
;112\1 Opfrt}:)lgedsl;of:onsidergd and drives average vertical pfore ﬂmdrﬂ}tllinéefsluci);
<0.0000X m/yr, where X is a number such as 4. Ratf;s o mf::acrltoh%her o
Ision in greenstone belts can be several orders_o magnitude h gran
CXS ?imilar in magnitude to the rates of free convection and I;:onvzcnon eﬂcl;ion
by vl iati i layers. Forced conv
ermal conductivity variations in folded sand lay . on
E;ftet? depend on permeability and Fherefore span a wide Zz;lfﬁafihll];gcan
tudes. Recent analyses summarized in the. next section sugg ep
be very rapid and many orders of magnitude greater than topograp ¥

driven fluxes.
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TABLE 5.1  Upper Bou

nd i
s . s on Water Dischorge Fluxes from Flow Systems

X0000 m/yr Megaplume discharge rates
X00 m/yr Upflow near igneous intrusion
X m/yr Topographically driven flow
0x m/yr Haline convection near salt domes
0.0 m/yr Free convection, convection in folded

sand layers; metamorphic expulsion
Compaclive or maturation expulsion in

sedimentary bosins {1 km/Ma sedimentation
rate), or metamorphism in overthrust

0.0000X  myyr

0.00000% mpyr Aquathermal expulsion in sedimentary

basins (1 km/Ma sedimentation rate)

FLUID FLUXES, TEMPERATURE AND ORE DEPOSITION

The meth imati
e Howocc;; fzr est[l)matmg the rates and thermal consequences of subsurfa
Ow be applied to observations in active and fossil hydrothf:c:

a
Oizesdigg;stofjfplcire f;jr them. From a fluid flow perspective, hydrothermal
' Into three main categories: (1) th :
o ; : s those produced ipi-
;1 éogefi(;mstﬁfvo%raphlcal‘ly driven fluids (e.g., roll—fror;t ul:;fliur:y£mCIPtl
p lead-zinc deposits), (2) those precipitated from coll}l{::;

tiv i i

vejt;lyd‘;g;l:il:st}edaﬂgld; (e.g., volcaqogenic massive sulfide deposits and man

el ﬂujd; (:1 (3) those precipitated from compactively or chemically

i s bgb, porphyry copper deposits, probably MVT lead—zi -
i probably greenstone gold deposits). In this final section anal?srig

tochni : .
echniques are illustrated by application to the [ast two kinds of deposit
it.

Convective Deposits

INTRUSIVE COOLING TIME

ne of the maost q
O S fundamental and mportant uestions 1s; IIOW ](}Ilg Wl” it
tak{f an intrusion to CO()I it it Interacts with conve P s5? A Ielated
Ctl‘llg Ore waters:
question is: At What permeabzhtles dDES convection start to DECOmME 1mpor-
P

{
|
{
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defined by equation (5.15) and the superscript “0” indicates that it is the
original temperature contrast.

If the hot zone is of height H and uniform sectional area, and the Darcy
flux is uniform throughout the rock prism, then, ignoring heat sources and
conductive heat losses, equation (5.1) may be integrated from the base to the
top of the hot zone:

aT

Replacing J with (5.18), rearranging so that Tq is on the left and ¢ on the
right, and integrating from ¢ =0 to ¢ and Ty = T§ to Ty, yields

7 7om CrH
=1 (—IT— ) , where tc:m (5.32)

Equation (5.32) shows that the time to convectively cool an intrusion to
25% of its initial temperature constrast is 3%. For H = 3 km, k = 1 mill-
idarcy, T§ = 600°C, and the other parameters as specified previously, this
cooling will require 3900 years. The time to cool increases as the height of
the intrusion increases, and decreases with increasing permeability and T¥.

Equation (5.32) was used in Cathles {1981) to construct the diagram
reproduced here as Figure 5.4, which shows how an intrusion with a specific
geometry will cool by conduction or convection. If cooling is by conduction,
the time to cool to 25% of the initial temperature contrast will increase as
the dimension of the intrusion squared (Carslaw and Jaeger, 1959). These
cooling times shown on the ordinate are plotted against the halfwidth, a, of
the intrusion on the abscissa. The time to cool a dike that extends from the
surface to infinite depths (called an infinite dike) is slightly longer, as illus-
trated by the parallel dashed line just to the left of the first solid line. The
time to conductively cool the dike if its sides are initially set and subsequently
retained at Tq = 0 is shown as the parallel dot-dashed line with slope of 2 to
the right of the first solid line. This line illustrates that an impermeable dike
emplaced in a very permeable environment, in which pore water convection
maintains its sides at ambient temperatures, will cool more rapidly, but that
the cooling times will still have the characteristic conductive dependence on

a2 (slope of 2 on this log-log plot). The diagram is capped by the cooling
times at 5-km depth of an infinite sill of thickness 6a whose top is at the
surface. The cooling time at 5-km depth within this sill is not increased after
the sill reaches a thickness of ~40 km. This is the maximum time that a point
at 5-km depth could possibly take to cool to 25% of T5.

Within this conductive context, lines with slope of 1 illustrate the times
required to cool arj intrusion by convection. The lines are drawn strictly on
the basis of equation (5.32) but have been confirmed by numerical calculation
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~25,000 years. A factor of 4 is a very small permeability increase given the
huge range of permeability variations in nature (see Figure 5.2), and thus
intrusions will tend to either cool entirely by conduction or by convection
and not by a combination of conduction and convection.

A second important conclusion indicated by Figure 5.4 is that cooling
times of even quite large intrusions will be short (less than 10,000 years)
if the subsurface permeability approaches 1 millidarcy. Such permeabilities
are probably common in the subsurface. Where permeabilities are of this
order, intrusions will be cooled rapidly by convecting pore waters. Discharg-
ing hydrothermal waters will produce geothermal systems and perhaps ore
deposits because the flow rates will be rapid enough to carry hot water to
the surface. The existence of hydrothermal systems and ore deposits indicates
that subsurface permeabilities are sufficient to make convective cooling the
dominant cooling mechanism.

TEMPERATURE DEPENDENCE OF PERMEABILITY

Although very useful and valid in a general sense, the assumption under-
lying Figure 5.4 that rocks at >600°C are as permeable as their host is
clearly wrong. There is certainly a dependence of permeability on temper-
ature. At some temperature rocks will become plastic enough that the frac-
tures through which flow takes place will heal and the rocks will become
impermeable. Observations of typical venting temperatures in forced thermal
convection systems and computer simulations that incorporate the thermo-
dynamic properties of water indicate that the permeability cutoff occurs at
T = 350°C (Cathles, 1983).

All convective systems seem to have maximum fluid temperatures of
~350°C. Black smoker venting on the seafloor is at this temperature, as are
the deep, preboiling fluids in continental geothermal systems. Maximum tem-
peratures in volcanogenic massive sulfide deposits and hydrostatically pres-
sured vein deposits are inferred from mineralogical, isotopic, and fluid inclu-
sion data to be in this range. The frequency with which fluids of 300-350°C
are encountered in active and fossil hydrothermal systems is a well docu-
mented (Polster and Barnes, 1993) observation that must be explained.

It has been suggested that the fluid temperature is related to the triple point
of water. Bischoff and Rosenbauer (1985), for example, argued that convec-
tion downward toward a hot surface will turn upward when low densities
near the critical point are reached. This scenario is possible for a carefully
contrived case of uniform heating from an absolutely flat hot pad (free con-
vection), but hydrodynamic calculations show that the Bischoff-Rosenbauer
mechanism will not work in the more common case of forced convection,
where, for example, the exposed margin of an intrusive heats adjacent pore
waters and causes them to convect upward. Calculations show that in this sit-
uation the thermodynamic properties of water make the upward transport of
heat more rather than less efficient and cause the fluids that exit the surface to
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reflect more rather than less closely the temperature at which they are able
to interact with the rock (Cathles, 1983). In this case, the thermodynamic
properties of water are completely ineffective in controlling water tempera-
ture. The only control on the preboiling discharge temperature during forced
thermal convection appears therefore to be the temperature at which most
of the circulating water flows through the rock. If hydrothermal fluids are
to be <350°C, permeability must be 2 function of temperature such that it is
much smaller above 300-350°C,

This dependence of permeability on temperature does not mean that water
cannot interact with rock at higher temperatures. Some interaction can and
does take place as discussed in the next section. The dependence of perme-
ability on temperature simply means that most of the pore water circulates
through rock at T'< 350°C. The permeability reduction appears to be related
to pressure-driven rates of dissolution, where opposite sides of a fracture
make contact. When temperatures of about 350°C are reached, the rate of
dissolution at these locations is rapid enough to heal the fracture between
rupture events. All other factors being equal, tectonically active areas may
typically have slightly higher hydrothermal system temperatures than tectoni-
cally inactive sites. The difference in flow temperature is not expected to be
large, however, because the rate of the dissolution reactions doubles for every
~10°C increase in temperature. Therefore a site 10 times more tectonically
active would be expected to operate at only ~35°C higher temperature,

The idea that there is a strong temperature effect on permeability that
is effective above ~350°C has many implications. For example, this hy-
pothesis suggests that hydrothermal systems that operate at significantly
different temperatures, such as hotter porphyry copper and cooler MVT
lead—zinc systems, involve a nonconvective flow mechanism. It suggests that
thermodynamic parameters at T<350°C will suffice to characterize much of
the alteration. It suggests that 350°C venting will operate as long as partially
molten crystalline mush remains for a thermal cracking front to attack, and
will cease as soon as this is not the case, Temperatures in a hydrothermal sys-
tem will drop very rapidly as soon as there are no more magmas to buffer
the heat supply (see next section). Black smoker venting thus requires the
presence of magma.

The 350°C cutoff suggests hydrostatic conditions may persist in the
Earth’s crust to about the 350°C isotherm, and that therefore topography-
or convection-driven flow may occur to depths of ~15 km but not at greater
depths were fractures will be closed and impermeable. Because the rocks
are so impermeable below 15 km depth and above 350°C, pore fluids in
these environments will tend to be overpressured. This basic permeability
and pressure division may explain Archean lode gold deposits. These deposits
are thought to form by fluid decompression at the amphibolite-greenschist
boundary when fluids decompress from lithostatic to hydrostatic pressures.
A temperature-dependent {350°C) pressure and permeability division is also
compatible with the general assumption in metamorphic petrology that meta-
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MIDOCEAN RIDGE HYDROTHERMAL SYS
Four observed characteristics of midocean ri(i]ge hydrot}:rrgatl sys;:zemds 1:;1?}:2
to be determ
incipal unknowns of the hydrothermal system t :
iti‘g];b}izlircl:cég?ution of four equations. The four observations are as follows:

1. Black smoker fields commonly discharge at a total rate Qw = 75 kg/s

(Cann and Strens, 1989). . -
discharge temperature, Tvenr, 1S _~35 3
g. %2 r;:icdenfe time, tj,, of the fluids in the flow zone, from when they

are heated to 150°C and anhydrite precipitates to when they vent, is
8).
10 years (Kadko and Moore, 198 .
< Elacl{ smol(wr fields can discharge at mu.chl more re;péc_i rﬁtisg 50; ]i.tl:;:
‘ i i turn to normal rates of discharge,
periods of time and then re ; e
°C. A rapid discharge or megaplume event
th f}fgjuan de PFuca Ridge in August of 19871%15charged a vkolume ?f
350°C water sufficient to carry off 2.88 x 1018 calories (Baker et al,,
1989).
Midocean ridge intrusions are generally small and their spr_face aj:-eae(;rhi
where h is the height of the intrusion above the moho and P is 1tsip§nmssumed
shown in Figure 5.5) can be considered reasonably well known. Itis a

= P=12.5 km so that hP=62.5 km. In this lerBSEDtater

ere tha Skm and 5 o] h
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Figure 5.5 are as follows:

Conceptual Model

Ridge Axis
| 350°C Flow Zone

Sea Level

Black Smoker
Seq Floor {&-3km Vents
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Thermal
Boundary Layer

ARy

- H —]

FIGURE 5.5 Geamery of the midocean ridge intusion used in the colculafions discussed in the fext. [Reproduced with
permission from Feonamic Geology (1993, Figure 1, p. 1979).]
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1. The thick 5 i
i ckness of the 350°C flow zone along the margin of the intrusion,
2. The permeability of the flow zone, kg,.
3. Tﬂe porosity of the flow zone, ¢,.
4. The thickness of the thermal boundar
y layer that separat
zone from 1200°C parts of the intrusion, ARy, parates the flow

The observed variables and the unknowns are related by four equations:

i, = h/f g, (5.33a)
QW:ArszP]& (5.338)
QuTventC =] ipiPh = (Km(1200°C-350°C)/ARy)Ph  (5.33¢)
QH = (Tvent — Tamp)Conprm Arg, Ph (5.33d)

The first equation (5.33a) states that the residence time in the flow z
equals Fhe height of the flow zone divided by the true velocity of the ﬂl?ilzic
The ﬂ.uids are assumed to move very rapidly through the fractures above th :
intrusion, and therefore the transit time there is negligible. [, is the D .
flux in the ﬂow zone and is given by equation (5.18) with T]fi: 300°C. .

I;l equation (5.33b) the total discharge of the black smoker field is eq;Jated
;10 the product gf the mass ﬂux (= Darcy flux times fluid density) through the

O\I)V zone a:nd 1{ts crossflecmonal area (P Arg).

n equation (5.33c) the normal 1 1
steadily conducted aci'oss the ther;};irgloﬂn‘g:il;iggyi;s s Tl

The last equation (5.33d) states that the thermal energy discharged i
megaplume'event equals the heat content of the 350°C flow zone 'Igh o
cept embodied byAthis equation is that a tectonic event or slight ma- maev:i(zﬁ-
drawal from thg intrusion can greatly increase the permeability o% the fl ’
1%one and cause its rhicl.(ness to contract greatly. Permeability increases as fl:
I\c/iun:h pov.w;r of effective porosity (open space through which water flows).
p agma wit .drawal that leads to a small increase in open space can there-
fore grgatly increase permeability. When the permeability of the flow z
is .thus increased, cold water hydrostatic pressure adjacent to the flow zone
will cause the hot flow zone to contract in thickness. The heat discharozg
by the megaplume event is a direct measure of the change of heat contentg f
the flow zone due to this contraction. Once the megaplume has discha (c)1
;l-‘l;f black smoker field will return to its earlier state of operation, The r?:ix;

tii-n :t(f):?ceo E:tv?::n pre- ;nd post—megaplume discharge is that the residence
it p ers in the flow zone is greatly reduced after the megaplume

The four equati i 7 .
(Catbles, 19930y (-333d) can be solved with the following results
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Arg =34 m
k¢, = 350 millidarcies during normal discharge
¢, = 10
ARtbl =180 m

These values are reasonable and potentially testable by drilling. The narrow
nature of the flow zone is particularly interesting because it agrees with field
observations and makes the physical system vulnerable to rapid chemical
changes of the kind that have been observed both on the seafloor and in
fossil massive sulfide systems. In particular, as discussed in Cathles (1993a),
episodic migration of the cracking front into the thermal boundary layer can
produce, with such a narrow flow zone, the fluctuations of discharge salinity
from half to twice seawater salinity that are observed in both fossil and mido-
cean ridge hydrothermal systems. Additional discussion of midocean ridge
hydrothermal systems can be found in Morton and Sleep (1985), Brikowski
and Norton (1987), and Cathles (1993a).

Expulsive Deposits

VENTING STYLE AND ALTERATION

Both the venting style and the different effects of permeability variations
make the patterns of alteration and their exploration implications quite dif-
ferent for deposits that are the product of compactive compared to con-
vective flow. Cold water hydrostatic pressures compress and focus thermal
convective upflow and alteration gradients can be useful in exploring for
deposits formed by thermal convection. In contrast, computer simulaticns
{Cathles and Smith, 1983) as well as logic indicate that fluids with close to
lithostatic pressures escape, especially near the surface, through every avail-
able flow path. Mineral deposition from high-pressure fluids may be concen-
trated along major escape channels surrounded by more intense alteration,
but even minor escape paths may have some mineralization and alteration.
There may be regional alteration trends such as the regular lead-isotope zona-
tion observed across MVT districts (Heyl et al., 1966), which is presumably
related to progressive interaction between the escaping fluids and basement.
But locally, alteration and mineralization are almost ubiquitous (Coveny et
al., 1987) and difficult to use in exploration.

In addition, as discussed earlier, thick sand lenses in sedimentary basins
may permit fluids to circulate internally and, over a relatively short time
{a few tens of millions of years), cause significant silicification and alter-
ation. Such alteration has nothing to do with the pore-water throughflow
that forms hydrothermal ore deposits. It must be distinguished from the flow
responsible for mineralization if alteration is to be used to guide exploration.
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THERMAL PERTURBATIONS AND THEIR IMPLICATIONS

Map)f basin-hosted deposits were thermal anomalies at the time of ore de-
position. Gr.:nerating fluid fluxes large enough to produce these thermal per-
turbatlons. 1s a major constraint on genetic hypotheses. The calculati%ns
presented in the previous section show that under the most favorable circu
stances (a sudden intrusion or underplating of magma) metamorphic ex {H:
sion rates can be of the same magnitude as thermal convection and thus rall3 id
enough to perturb temperatures and metamorphic grades over broad arel;s
Therr_na] anomalies may be present in metamorphic terrains (Ferr 1992).
;spemzlly where the fl:cflﬂbux is focused in brittle lithologies (Oliver et af, 1990)
sograd patterns could be useful i 1 i ipitate .
metamofphicaﬁy b ﬂuilclils.ln exploration for deposits precipitated from
Compaction and hydrocarbon maturation cause fluid expulsion that is
substant‘lally slower, and there is general agreement that steady flow by thes
mechar}lsms cannot produce the thermal anomalies that appear to be Zssoc'(E
ated with many MVT lead-zinc deposits (Cathles and Smith, 1983: Bethk;
198§). This is ?llustrated by a simple calculation. It was shc;wn in, the ﬁrsé
section that ﬂmd fluxes of 215 m/yr in a 30-m thick aquifer with 1% slope
wguld be regired to account for the 35°C thermal perturbations associatepd
with the MVT 'deposits. In the second section it was shown that uniform
fluxes frgm sediments deeper than 3 km due to hydrocarbon maturation
compaction could reach at most ~4 x 107 to 4 x 10~5m/yr. Takin evgr
the most generous geometric flow concentration of 10% shown' on thegri h:
l;giilosgd? of Figure 5.6, fluid expulsion rates in the aquifer would stilijr be
g Otr.in;i;‘l;rililz;than the 15 m/yr required to account for the warming
Further spatial funneling of the discharge could increase the discharge
rates, but sufﬁciept funneling to make the formation of these deposits feasibgle
by steady expulsion is unlikely. A possibility—artractive in light of diverse

El

D
/1]

FIGURE 5.6  Idedlized basin geometry used for colculafions discussed in the fext.
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evidence of pulses in mineral deposition and minor tectonic disturbances cor-
related with mineral deposition (Hagni, 1976; Goldhaber et al., 1978; Ohle,
1980; Sverjensky, 1981; Ulrich et al., 1984; Hallager et al., 1990)—is that
fluid expulsion from basins is focused in time as well as space and that basins
dewater episodically.

For episodic flow, new basin parameters become important. An example
is the ratio of the volume of a typical dewatering pulse to the volume of
a basin’s high-permeability escape network. If the thermal and fluid mass
of the escape network is small compared to the thermal and fluid mass of
a dewatering pulse, the escape network can be warmed by the pulse, and
warm, mineralized fluids can be expelled to near-surface sites of ore depo-
sition. Such a “spitting” basin is favorable to MVT mineralization. If, on
the other hand, the thermal and fluid mass in the high-permeabilicy network
is large compared to the thermal and fluid mass of a dewatering pulse, the
escape channels will not be warmed and expelled fluids (with metals and
hydrocarbons) will remain in the basin. This is the “coughing” basin case.
A spitting basin will eject hydrocarbons from the basin where they will be
bacterially degraded but perhaps still form large but presently subeconomic
tar sands like the Athabasca. Hydrocarbons will remain within a coughing
basin. The effect of the coughing will be to transfer the hydrocarbons to the
most permeable units of the basin, where, after each cough, they may grav-
itationally migrate upward into traps. The hydrocarbons from many expul-
sive pulses can thus accumulate in a coughing basin. “Coughing” basins are
ideal for hydrocarbon exploration but poor for MVT mineralization; spitting
basins are the converse.

A dilemma for the cross-basin, topographic flow hypothesis of MVT
mineralization can be illustrated by reference to both the left and right
sides of Figure 5.6. The deep Ordovician and Devonian aquifers that fed
brines to the classic sites of MVT mineralization in the mid continent of
+the United States are still filled with brines (Dott and Ginter, 1930; Jorge-
sen et al, 1986) and the deposits are still very permeable (Weigel, 1965;
Bullock, 1973). Once cross-basin, topography-driven flow is established it
is not easy to turn off. Flow from the Rocky Mountains to the Qzarks con-
tinues today and is still flushing salt from the Great Interior Plains aquifer
system through saline springs in Missouri (Banner et al., 1989). The flow is
slow, much slower than the 15 m/yr nceded for MVT mineralization (Cath-
les, 1993b). Had the flow been ~15 m/ys, the brines would have gquickly
been flushed. For example, if the basin in the 600 km x 6 km central part
of Figure 5.6 contained 10 vol % evaporites (720 x 1010 g salt in a cross-
sectional slice 1 cm wide) and the flow contacted these evaporites suffi-
ciently to maintain salinities in the basal aguifers at 100,000 ppm, 2 cross-
basin hydrologic flow of 15 m/yr in a 30-m wide aquifer system would dis-

solve the evaporites at the rate of 4.5 x 10° g salt/yr, and the evaporites
and brines would be flushed in 16 million years. Salt flushing is a problem
for the cross-basin topography-driven flow hypothesis for MVT ore forma-
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tion because the basal aquifers i istri
Callies wir a0 quifers in many MVT districts still contain brine

SUMMARY AND CONCLUSIONS

Th
ik rei:; Zzpr;—;al}}f :tilgezd gs;{:lects .of. heat flow that are important to ore genesis
T T e e e e ey S e
i : -low-permeability, capill -
g}:;iei} n‘sl;a;[:t:;i i[;rﬂl[)ably rqulred. How these are formed :;d cr)}peige(tr‘nvaoy
e aret:.a.morghlc terranes Where near-lithostatic pressures are
e e & C};r e 1ln sebl.mcntary bgsms. The formation and nature of
i e m:::)l:lyhsq jects of active r:?search (Ortoleva, 1994; Whe-
However’ enoug’h D bl: simple thermophysical calculations can contribute.
e Whic[,-. g en presente_d to meet the main objective of this chap-
o e il uslt’ra:; how simple thermal and flow calculations can
i e o biae I;z the thermal aspects of hydrothermal ore deposition. A
o e plc'ieseﬁuec:{ of techniques the author has found useful for
T :r an fc emical consequences of thermal anomaly migra-
T e expecteés?joe:;:ei;xiljufo& estimating .the maximum fluid fluxes
betzl{lhﬂlustrated by a number of spsecitci’zv CKS?E;ZT& D techaiges haye
_ The purpose of these examples is not to argue an‘y articular mi i

:;oﬁelll;;;]c;il;::ils;zu: hto 111}13_trate how calculations are bSing, and czllrger 3311::(;
ke gthermz lorlgms of hydrotl_lermal ore deposits, What mak’es the
s e ore depos;ts so interesting as well as difficult is that
ey S mech fg may be _mvolved in any one deposit and the com-
s ) consjfi:ud cller_ltly different among deposits that each must be
Hesl encoumre . t]lS .hoped that the framework and examples pre-
o s fifi] geologists to ma.lce paper and pencil calculations of
e . taLw up the sometimes dramatic and unsuspected geo-
D ns with appropriate field investigations. Even (and perhaps

especially) in the comput i
! er age, simple calculati i
to play in ore deposit studies. e . mpartt el
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