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Abstract

The hypothesis that the Mississippi Valley-type lead-zinc deposits largely associated with
basin margins formed as the result of compactive expulsion of basin brines is examined in
light of two simple constraints: that the deposits formed within 1 km of the surface, and that

_ the temperature of the ore fluids at the time of mineral deposition was 100° to 150°C. It is

shown that for these near-surface temperatures to be attained the rate of fluid migration up
the margins of the basin must have been more than 1,000 times greater than could be produced
by the steady subsidence, sedimentation, and compaction of most basins. For base metal
deposits to form as the result of the compactive expulsion of basin brines, brine expulsion must
be episodic, occurring cumulatively over a period of time representing only a few thousandths
of the pertinent history of basin growth. Rough estimates are made of the number of dewatering
pulses a basin might undergo. If dewatering occurs in a cycle as fluid pressure builds to
lithostatic pressures and is then released, 50 dewatering pulses occur, approximately one every
million years, as a strata subsides from 3 to 5 km depth. At 3- to 5-km depths temperature
is in the range of Mississippi Valley-type mineralization and thus strata at these depths could
have provided the fluids that deposited ore. Episodic pulses of geopressured brines moving
through the near-surface sites of ore deposition, followed by much longer periods of exposure
to cool surface waters, could produce the color banding of sphalerite observed in the Upper
Mississippi Valley district, the cycles of sulfide precipitation and dissolution observed in most
Mississippi Valley-type deposits, and the distinctive local tectonic features associated with
Mississippi Valley-type deposits. Shale membrane filtration would occur while the fluids are
held in a geopressured state prior to rupture and sudden venting. This process would increase
the salinity of the pore fluids. Basin features favoring the right kind of episodic dewatering

are identified. These criteria appear to be useful for identifying basins with associated lead-

zinc mineralization.
Introduction

Mississtppl Valley-type massive sulfide deposits are
stratiform deposits of lead or zinc sulfide and gangue
(calcite, quartz, dolomite, flourite, barite) that pre-
cipitated epigenetically in open space (often around
breccia fragments in caves or collapse structures)
from moderate temperature brines (15-30 equiv. wt
% NaCl). Fluid inclusions indicate the temperatures
during ore deposition ranged from 80° to 200°C but
were most commonly 100° to 150°C (Anderson and
Macqueen, 1982). The deposits are associated with
pinch-outs that surround domal structures, basin
growth faults, and near-shore reefs. Most deposits
occur in limestone or dolostone, but some have sand-
stone hosts (Ohle, 1952; Beales and Onasick, 1970).
Most are located at the edges of sedimentary basins;
some are associated with faults located over the cen-
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tral parts of basins (see Figs. 1 and 2). Although eco-
nomic metal concentrations are unusual, occurrences
of lead-zinc mineralization appear to be almost ubig-
uitous in and around some basins. The lead-zinc min-
eralization is not, in general, related to igneous ac-
tivity, although this may be the case in a few in-
stances. The primary association is to basins. Some
basins appear to have much more associated lead-zinc
mineralization than others (Anderson and Macqueen,
1982).

These general observations have lead most eco-
nomic geologists to conclude that Mississippi Valley-
type deposits formed as the result of a normal basin
process—namely, the expulsion of briney pore fluids
from basin strata as the basin subsides, thickens, and
compacts. In this view, pore solutions squeezed out
of the basin migrate at least in part downward to the
warmer portions of the basin and then laterally along
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Fic. 1. Mississippi Valley-type lead-zine deposits and occurrences are ubiquitiously distributed around
some basins. Simplified from figure 1 of Anderson and Macqueen (1982).

a basal aquifer to locations where the aquifer crops
out or where growth faults or reefal structures provide
cross-strata channels from the aquifer to the surface.
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BASIN SCHEMATIC

Fi¢.. 2. Fluid inclusions in sphalerite from various Mississippi
Valley-type deposits have filling temperatures in the range 75° to
150°C. In this paper we classify the deposits into two subtypes: one
occurring at the edges of basins (as indicated by the shaded block),
and one associated with faults in the centers of basins. This paper
considers only deposits of the first. more common, type. Fluid in-
clusion data shown in this figure were taken from the following
references: Howe, 1981, Rickard et al., 1979; Roedder, 1971, 19786,

1977.

In this view, ore deposits form when escaping solu-
tions channel through a particular escape locality.
Lead-zinc occurrences of subeconomic grade form
where the discharge is less focused. The warm tem-
peratures are obtained from the deeper parts of the
basin and are carried upward by the expelled fluids.
Near the surface the metals carried in the brine pre-
cipitate due to cooling or mixing with other solutions
carrying sulfide sulfur.

How near the surface precipitation occurs is un-
certain. Stratigraphic evidence suggests it ‘occurs
within a few hundred meters to a kilometer of the
surface (Anderson and Macqueen, 1982; P. Gerde-
mann, pers. commun.). The basinal brine-pore fluid
expulsion model was first proposed by Noble (1963)
and has since been argued and extended most notably
by Beales and Jackson (1966), Jackson and Beales
(1967), Beales and Onasick (1970), and Dozy (1970).
The reader is referred to these papers and an excellent
review by Anderson and Macqueen (1982) for further
elaboration and documentation of the summary state-
ments made above. There is much that we do not
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understand. Reviews by Ohle (1980) and Anderson
and Macqueen (1982) highlight this.

Dozy (1970) pointed out that the expulsion of pore
fluids, in addition to occurring steadily with gradual
basin compaction, could occur in bursts associated
‘with the rupture of pockets of abnormally pressured
(geopressured) fluid in low permeability units in the
basin. Such a “settling flood,” escaping from a zone
of near-lithostatic fluid pressure, could “lift” or
“float” the covering section. Settling floods could
cause many of the small deformation features ob-
served in almost all Mississippi Valley districts such
as “small scale folding or crumpling and small faults
or shears limited to certain strata or between adjacent
layers of different competence,” pitch and flat fea-
tures, gash veins, and sandstone dikes (Dozy, 1970,
p. 167).

Recently it has become clear that ore was not de-
posited all at once but rather was deposited in many
pulses between which the precipitated ore minerals
were often partly redissolved. Perhaps the most spec-
tacular manifestation of this pulsed nature of min-
eralization is the color banding in sphalerite in the
Upper Mississippi Valley district elegantly docu-
mented by McLimans et al. (1980). The ore deposits
of the Upper Mississippi district consist of a 4-cm
coating of sphalerite on breccia fragments. The sphal-
erite is color banded due to varidtion in iron content
and is easily seen in polished thin sections. There are
about 30 distinct dark marker bands in the district,
and as McLimins et al’s (1980) illustrations elo-
quently show, the band pattern can be easily corre-
lated over distances as great as 23 km. Minor bands
within the major bands may or may not correlate on
a district scale. These bands could be due to local
hydrologic variations. When examined in detail it is
observed that many of the bands were corroded be-
fore the next band was deposited. Thus, sphalerite
deposition proceeded in pulses of deposition and dis-
solution. Similar cycles of deposition and dissolution
are observed in most districts (Ohle, 1980). Sverjensky
(1981) musters compelling paragenetic and textural
evidence to show that such cycles occurred in the

Buick mine of the Viburnum Trend, for example. .

The dissolution of multiple stages of galena is clearly
evident in SEM photographs of samples from the
Buick mine (Sverjensky, 1981) and can be clearly seen
in hand specimens on display in the mine offices of
other mines in the Vibernum Trend (for example,
Saint Joseph Mining Company, Vibernum No. 28
mine). The cycles of dissolution and precipitation
have been generally attributed by the above authors
to relatively minor fluctuations of solution chemistry.
In this paper we will argue they must be due to much
more major pulses of basinal fluid expulsion and much
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more dramatic cycles in fluid temperature than pre-
viously imagined.

There has been only one attempt that we are aware
of to reduce the conceptual basinal brine-pore fluid
expulsion model to a quantitative mathematical form.
Sharp (1978) showed that geopressured zones would
develop over 40 m.y. of sedimentation in a basin with
sediments of 0.05-mD permeability if the sedimen-
tation rate at the center of the basin was 250 m/m.y.
and 25 m/m.y. at the edge. Sharp further showed
that, if the permeability of the basin were increased
to 300 mD by faulting, enough fluid would migrate
downward to a 30-m-thick, 30 D basal aquifer, and
along the aquifer to where it cropped out 200 km
from the basin edge, to form easily a Mississippi Val-
ley-type deposit at the location of the aquifer outcrop.
In Sharp’s preferred model the fluid drained in
~1,000 years and the Darcy velocity of the fluid at
the area of outcrop of the aquifer was ~1 m/yr.

Sharp did not consider the conditions under which
flow in the basal aquifer up the side of the basin could
carry heat from the deep central portions of the basin
to near the surface. Most have probably assumed, as
we did initially, that there would be little difficulty
in this regard. However, such intuitive perceptions
have proven to be entirely false. The requirement
that fluids squeezed out of a basin by compaction be
able to carry the temperatures of the deeper portions
of the basin to within 1 km of the surface (where the
solutions could enter a growth fault or a high per-
meability reefal structure) turns out to be a surpris-
ingly restrictive condition. It means, in fact, that if
the basinal brine-pore fluid expulsion model is to
work, the expulsion of brines from a basin must be
an episodic phenomenon, occurring cumulatively
over only a small fraction of the total time of basin
development.

The first part of this paper is devoted to a dem-
onstration of the above statement. We show that for
reasonable rates of basin subsidence and compaction
the fluid flow out a basal aquifer will not perturb the
normal geothermal gradient at all. Perturbation of
the thermal gradient requires flow rates at least 300
to 5,000 times those obtainable by steady subsidence
and compaction, even assuming all the fluid squeezed
out of the basin finds its way down to and flows along
the basal aquifer to the surface.

In the second part of the paper the number and
nature of pulses of fluid expulsion that might occur
in a basin are estimated and basin characteristics fa-
vorable for Mississippi Valley-type mineralization are
identified. Many of the seemingly odd characteristics
of Mississippi Valley-type deposits, including the cy-
cles of ore deposition and dissolution and sphalerite
banding, and the apparent coincidence of mineral-
ization, brecciation, and minor deformation (Ohle,



986

1980), can be naturally accounted for by pulses of
fluid expulsion, and many are very difficult to un-
derstand or account for in other ways.

Basin characteristics conducive (from a theoretical
fluid flow-heat balance point of view) to Mississippi
Valley-type mineralization are in some cases new and
might be useful exploration guides. The final section
of this paper compares the characteristics of basins
that have produced Mississippi Valley-type miner-
alization, and basins that have not, to the character-
istics that seem to be important from the basinal
brine-pulsed fluid expulsion viewpoint.

Can the Flow Caused by Normal Basin
Compaction Move 100° to 150°C Brines to
within 1 km of the Surface?

The first questions are: what magnitude of fluid
flow along a basement contact would be required to
elevate the basement temperatures within 1 km of
the surface from normal values of about 50°C to
100°-150°C, and could this magnitude of flow be
provided by steady basin compaction® To answer
these questions we need to know the typical slope of
the sides of basins, the typical size of the basins as-
sociated with Mississippi Valley-type deposits, their
rate of subsidence and compaction, and the basal heat
flow into the basins as a function of their age.

Figure 3 shows several cross sections through de-
posits in the mid-continent Mississippi Valley area.
The basins associated with the deposits are typically
~600 km wide and the slopes of the basin margins
are generally less than 1 percent (Fig. 2). The de-
posits, except for the Illinois-Kentucky district de-
posits and some other deep fault-controlled districts
(all hosted by Mississippian-age rocks), are located
at the edges of the basin.
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Fic. 8. Cross sections through Mississippi Valley-type deposits
in the midcontinent region indicate that basins which may have
formed the deposits were at most 600 km wide and had marginal
slopes generally less than I percent. The cross sections were pre-
pared from the Tectonic Map of the United States, 1962.
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from Hanor (1979)

FiG. 4. Basin strata are observed to have porosities that decrease
with the depth of burial of the strata. General porosity versus depth
relations are reproduced from Hanor (1979). The porosity versus
depth relation used in this paper is shown by the dark line in the
shale field, and the equation that describes this line is given.

The amount of fluid expelled from a basin as it
grows can be deduced from the rate of basin subsi-
dence and an estimate of the porosity as a function
of depth in the basin. The latter has been well doc-
umented by work related to oil exploration and re-
covery and is summarized in Figure 4 (Hanor, 1979).
Sediments and rock strata in basins are observed to
have porosities that depend mainly on depth. The
conclusion is that, as these strata are loaded by over-
lying material, they are compacted and their porosity
reduced. This happens whether or not the sediments
are indurated. As shown in the figure, sands compact
somewhat differently from shales and there is a fairly
broad range of compaction versus depth spanned by
sediments and rocks from different basins. The curve
we use in the calculations that follow is shown as the
solid line within the shale field in Figure 4. The figure
gives the exponential function that describes this line,
i.e., the function which gives porosity as a function
of depth that we shall use below.

The mass of fluid that is squeezed out of a unit
volume of sediment, Q, can be simply described:

3 _9%pe) pizdp ¢

Qlg/em® - sec = ZEH - E2SE_ ) 00,
We have assumed that pore fluid is incompressible
(i.e., that the fluid density is constant) and used the
chain rule to convert the change in porosity, ¢, with
time to the product of the rate of subsidence of the
basin, v,, and the change of porosity with depth. The
change of porosity with depth is, of course, just the
function determined in Figure 4. In this simple model
we do not consider the decrease in thickness of rock
strata as compaction takes place. We simply seek a
reasonable estimate of the rate at which pore fluids
can be squeezed out of basin sediments if this process
takes place steadily as the basin subsides and grows.

We can integrate Q over the depth of the basin
and ask how much fluid a 600-km-wide basin might
expel through basal aquifers at its sides. Considering
the basin to be two dimensional (j.e., very long com-
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pared to its width), and assuming fluids will be ex-
pelled equally to each side, the maximum total rate
of fluid expulsion up a marginal basal aquifer per cm
length of the two-dimensional basin, Mag, will be:

z=D -
Mawe [g/cm-sec] = 300 X lOsf Qdz. (2
z=0

Mago is the total amount of fluid expelled from a 1-
cm cross-sectional strip across a basin 300 km wide
(half the width of the whole basin) and D km deep.

To complete the model we need estimates of both
the depth of the basin, D, and the basal heat flow

_into the basin, A, as a function of time. We obtain

these parameters by analogy to the conductive cooling
and subsidence of the oceanic plate at mid-ocean
ridges, corrected for sediment loading. Kinsman
(1975), Sleep (1976), and Sclater and Christie (1980)
among many others have argued that this is a rea-
sonable model for the subsidence of continental mar-
gins, and it is a reasonable starting place for modeling
of epicontinental basins as’ well. Thus we take:

D = 7.86(1 — eV528) 3)
and ’

A =115/, (4)

where A is the basal heat flow in Heat Flow Units
(HFU; cal/em®-sec X 1075 and t in both formulas is
time in millions of years. o

Equations (1) to (4), plus the porosity versus depth
relation shown in Figure 4, represent a simple model
of basin compaction. The precise appropriateness of
elements of this model could certainly be debated,
but no single element is probably incorrect by more
than a factor of two for most basins. The conclusions
we will draw from the model are insensitive to this
magnitude of model uncertainty. The important
point is that Mississippi Valley deposits were thermal
anomalies at the time of deposition and that we now
have a handle on the rate at which a basin can expel
fluids under quasi-steady state conditions and are in
a position to inquire whether this rate of fluid ex-
pulsion could produce the anomalous near-surface
temperatures indicated by Mississippi Valley-type
mineralization.

Table 1 evaluates the model for basins of three
different ages. For each age basin Table 1 gives the
depth of the basin, the temperature and porosity of
the deepest parts of the basin (assuming 20°C near-
surface temperature), the rate of subsidence of the
basin (obtained by differentiating equation (3) with
respect to time), and the rate of fluid expulsion from
a l-cm cross-sectional strip across the 300-km half-
width of the basin (M) The table indicates that a
basin must be at least ten million years old to attain
basal temperatures in excess of 100°C. Although the

TasLe 1. Expulsion Rates for Basins of Different Ages

Age D v {: m ] Mg km
(m.y) (km) T(D)' D) “lmyd [g/cm-sec X 10%
10 1.1 93° 0.37 100 3.1
40 3.5 147° 0.09 62 3.6
80 5.3 156-179°  0.03 33 2.1

YK = 5 X 107® cal/cm-sec-°C

2131t0 1.5 HFU

Equations (1) through (4) and the porosity versus depth rela-
tionship of Figure 4 are used to calculate the depth, D, basal tem-
perature, t{D), basal porosity, ¢D, rate of subsidence, v,, and rate
of fluid expulsion from a 300-km-long, 1-cm-wide cross-sectional
strip across the basin May; K is the thermal conductivity of the
basin assumed in the calculations

heat flow is greater for younger basins, younger basins
are not deep enough to have basal temperatures in
the range indicated by most fluid inclusions associated
with Mississippi Valley-type mineralization. The rate
of fluid expulsion increases to a maximum a% about
40 m.y. and then decreases. The reasons for this de-
pendence are similar. At first the basin is subsiding
rapidly, but there is not a great thickness of sediments
accumulated from which to squeeze fluids. Later
there is a great thickness of sediments, but the rate
of subsidence and compaction has slowed. In between
is the maximum rate of fluid expulsion. The situation
is different in some geological cases such as the Mich-
igan basin which had two episodes of subsidence and
thus had an unusually thick sediment pile during the
early (rapid) part of the second subsidence. In this
case the fluid expulsion rate might have been three
times the rate given in Table 1 for the 10-m.y.-old
1-km-deep basin (because from the point of view of
contained pore fluids and compaction the basin was
3 rather than 1 km deep). Our point is not that Table
1 is exactly accurate in all cases but rather that it
gives a reasonable base estimate for the rate of de-
watering of basins that is unlikely to be in error by
more than a factor of three or so.

Assuming that all the fluid squeezed out of the
basin finds its way to the basal aquifer, would the
flow up the sides of the basin be sufficient to perturb
temperatures near the surface significantly? Figure
5 shows the problem schematically; Figure 6 shows
the method used to calculate the perturbation of tem-
perature at the sides of the basin. We use a simple
forward finite difference scheme and assume thermal
steady state. The question we ask is whether it is
possible, after fluid has been flowing in the basal
aquifer for a long time, for warm fluid from the deep
parts of the basin to reach the near-surface without
cooling substantially. We assume that the fluid flows
in a fairly thin basal aquifer. A thicker aquifer would
diminish the thermal perturbation of the basin.
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FiG. 5 A diagrammatic portrayal of the situation calculated in
Figure 6. Basal heat fiow (in heat flow units) depends on the age
of the basin. All fluids compactively expelled from a 300-km-wide
(half-width) basin are assumed to be expelled downward and up
the margin of the basin along a basal aquifer.

The results are shown in Figure 7 for basins 40 and
80 m.y. old. The diagrams in Figure 7 show tem-
perature as a function of depth to the basement con-
tact at the side of the basin. The temperature axis is
given for two different values of the average thermal
conductivity of the basin. The left-hand axis is prob-
ably more appropriate for shale-rich basins, and the
right-hand axis more appropriate for shale-poor ba-
sins (Touloukian and Ho, 1981; Clark, 1966, p. 462).
A still lower thermal conductivity, appropriate for
porous sediments (Sclater and Christie, 1980), would
show similar curves but with hotter temperatures on

TEMPERATURE DlSTRlBUTfON FOR FLOW uP
A BASEMENT CONTACT

1
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Fic. 6. A simple forward finite difference scheme is used to
calculate the steady state temperature distribution along the margin
of the basin. The total flow per cm length of the margin, Q, is
assumed concentrated in a fairly thin aquifer. A is the heat flux
in cal/em®-sec-°C, a is the slope of the aquifer, K is the thermal
conductivity of the basin in cal/cm-sec-°C, ¢ is the heat capacity
of the pore fluid in cal/g-°C, and Q is measured in g/cm-sec. The
results of calculations of the type shown are given in Figure 7.
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Fic. 7. Thermal profiles along the margins of a 40- and 80-
m.y.-old basin are calculated assuming a | percent margin slope
using the methods outlined in Figure 7. The heat flow in the base
of the 40-m.y.-old basin is 1.82 HFU and for the 80-m.y.-old basin
1.5 HFU. The rate of fluid outflow is described in the diagrams

“in terms of the ratio of the rate of outflow per unit length of the
basin margin used in the calculations, Q. to the rate of fluid outflow
per unit margin length that could be produced by steady basin
compaction, My, (see values in Table 1). Results are shown for two
different values of basin thermal conductivity, K. The higher value
of thermal conductivity {right-hand scale) is probably more ap-
propriate for shale-rich basins, the lower value more appropriate
for shale-poor basins. The diagrams show that fluid expulsion rates
300 to 5,000 times those that could be provided by steady basin
compaction, with all the expelled fluid exiting up the basal aquifer,
are necessary to raise the temperature within 1 km of the surface
to 75° to 150°C. This means that if compactively expelled brines
are to be the ore fluids of Mississippi Valley-type deposits, the brine

“expulsion must occur infrequently and episcdically, at many thou-
sands of times the average rate.

the ordinate scale. The figures show that, for fluid
expulsion rates even three to five times greater than
could be steadily maintained by the basin, the tem-
perature profiles remain unperturbed from their nor-

mal linear increase with depth. Aquifer flow rates 300 -

to 5,000 times those sustainable by quasi-steady state
compaction are required for the temperature profiles
to intersect the shaded boxes at the left of the diagram
and account for the perturbed temperatures of Mis-
sissippi Valley deposits. These boxes represent the
conditions required by fluid inclusions associated with
Mississippi Valley-type mineralization—that 75° to
150°C fluids reach within 1 km of the surface. For
such temperatures to be attained near the surface,
especially the 100° to 150°C temperatures commonly
recorded in fluid inclusions in the deposits, ratios of

[N
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Q/Maee of 300 to 5,000 or more are required. It is
remarkably difficult to perturb the near-surface tem-
peratures. Such perturbation depends on the rate of
fluid expulsion from the basin and not the thermal
conductivity of the basin sediments; Mississippi Val-
ley deposits are not associated with basin conductivity
anomalies.

We believe Figure 7 indicates that the existence
of Mississippi Valley-type deposits and occurrences
requires abnormally rapid expulsion of basin brines,
The model is approximate, but we have been gen-
erous in assuming all fluid is expelled downward to
the basal aquifer. We have assumed thermal steady
state. This is conservative since transient thermal
losses will be greater than the steady state losses (the
transient heating up of rock along the fluid path rep-
resents an additional heat sink). Transient heat losses
will make it more difficult for warm basal fluids to
reach the near-surface. Channeling or focusing in the
basal aquifer is to be expected, and could increase
fluid velocities. The wide distribution of lead-zinc
mineralization around a basin (see Fig. 1) does not
suggest channeling of the magnitude required (X300
to 5,000).

Exothermic reactions involving the dewatering of
clays could contribute heat. The enthalpies of reaction
are quite uncertain, but even taking the upper range
of 800 kcal/mole, the heat contributed by dewatering
of 10 wt percent basin clay would be equivalent to
only 0.1 HFU—hardly a significant increase in basal
heat flow (see Fig. 8). Exothermic dewatering reac-
tions could contribute very significant heat if they
occurred episodically, however, and this possibility
should be kept in mind.

The above considerations indicate quite clearly that
the near-surface temperatures recorded in fluid in-
clusions in Mississippi Valley deposits could not have
been produced by the outflow of basin fluids resulting
from steady basin compaction. Two alternatives pre-
sent themselves: either the basinal brine-pore fluid
expulsion hypothesis must be abandoned, in favor of
some quite different hypothesis, or pore fluid expul-
sion must be an episodic phenomenon that occurs
only over a very small fraction (21/1,000th) of the
relevant history of basin accumulation.

The Possible Nature of Episodic Pore Fluid
Expulsion and Basin Characteristics Favorable
to Mississippi Valley-Type Mineralization

Largely because Mississippi Valley-type deposits
are so clearly associated with basins, and so poorly
associated with anything else (i.e., igneous intrusions),
the second alternative, above, deserves close attention.
In this section we attempt to estimate the nature and
frequency of episodic basin dewatering and use these
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EXOTHERMIC CLAY DEWATERING

e Montmorillonite — Illite  (3-4 Km Depth)
® AHg = -50 to -800 keal/mole
=Z-125 to - 2000 cal/g

e [montmorillonite] < 10 Wt %

HF, = v, [Mont] p AH

R

T {my] HFg
40 008 to .1 HFU
80 .003 10 .06 HFU

Fic. 8. Clay dewatering reactions could contribute heat to warm
expelled fluids. If clay dewatering occurs steadily as the basin grows
and subsides, the amount of heat that could be provided by this
mechanism is minor. At most the heat flow from the basin would
be raised 0.1 HFU and this would lead to an insignificant increase
in near-surface temperature (see Fig. 10). (Enthalpies of reaction
are estimated from data in Helgeson, 1969; Robie et al., 1978;
Nriagii, 1973; Boles, 1981; Nesbitt, 1977.)

estimates to identify those basin characteristics fa-
vorable to Mississippi Valley-type mineralization.

The basic approach used is illustrated in Figure 9,
which shows finite difference calculations of the ther-
mal effects of compaction-driven fluid flow in a 40-
m.y.~old, 8.5-km-deep, 400-km-wide basin (200-km
half width). The first cross section shows the rela-
tionship between basement and basin strata. The per-
meability is maximum at the base of the basin and
along the basin-basement contact. It drops off strongly
with depth into the basement and upward into the
basin. :

The first cross section at the upper left shows the
temperature distribution in the basin after 1 m.y. of
steady fluid outflow. The fluid source term is calcu-
lated from the rate of basin subsidence appropriate
for a 40-m.y.-old basin and the porosity versus depth
as shown in Figure 5 and as discussed in the Appen-
dix. Fluid flow does not perturb the temperature pro-
files at all. The exothermic dewatering of clay elevates
the temperature contours slightly on the basin side.
Eight hundred kecal/mol, 10 wt percent clay, and
complete clay dewatering between a 2- and 3-km
depth in the basin is assumed (see Fig. 8). Fluid flow
is shown by the contours of constant vertical fluid
velocity. The contours along the basement contact
thus indicate flow. ‘

The other cross sections show the effects of fluid
expulsion when one million year’s worth of fluid is
expelled in a shorter period of time—100,000, . . .
10,000, . . . down to 10 years, for example. Such
expulsion might occur as the result of episodic com-
paction. The sections show that episodic venting can
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TEMPERATURE PERTURBATIONS DUE TO

FLUID OUTFLOW FROM A 40my OLD BASIN

DEPTH, km

O
i

DISTANCE, km

*Duration of fluid outflow

FIG. 9. The effect of increasing rates of Auid expulsion on thermal profiles in a basin. Finite difference
techniques are used to solve the coupled fluid flow and heat balance equations as discussed in the appendix.
Permesbility in this 200-km half-width basin decreases strongly both upward and downward from the
basin-basement contact. (It decreases one order of magnitude for each 10 grid points up or down. The
computational grid is 40 X 30.) Thé basin-basement contact angles upward at a slope of ~4 percent in
the left-hand half of the diagram, as shown in the first section. Contours of vertical (Darcy) fluid flow
show the flow is most intense along the lower parts of the basal aquifer. The rates of fluid expulsion for
the first section in the figure are appropriate for the porosity decrease with depth (equation in Fig. 4)
and the rate of subsidence of a 40-m.y.-old basin (Table 1). The temperature distribution is seen to be
unchanged after 1 m.y., despite the fiuid expulsion. The temperature is elevated slightly on the basin side
due to the dewatering of 10 wt percent clay between 2 and 3 km depth (800 keal/mole heat of reaction
assumed). Subsequent figures show the effects on thermal profiles of dewatering 1 million year's worth
of compactive, expelled fluids in shorter periods of time. The rates of fluid flow in these figures are
correspondingly greater, although the pattern js unchanged. The contour values are shown for the last
figure in m/year Darcy velocity. The rates of flow are most rapid in the last figure and are one order
of magnitude smaller in each preceeding figure. The figures show that fluids must be expelied.at 100 to
1,000 times the normal rate before temperature distributions in the basin are significantly perturbed, but
that after a point, further decreases in the time of dewatering do not further increase the thermal
perturbation. This observation allows definition of the volume of dewatering pulse required to expel warm
fluids to the surface, as detailed in the text and shown in Figure 11.

perturb the temperature along the basement contact
but thit, after a point, further increases in the rate
of venting do not lead to greater temperature per-
turbations. The temperature perturbations for the
100- and 10-year venting episodes are identical, for
example.

The reason arbitrarily large thermal perturbations
cannot be produced is, of course, that a limited quan-
tity of fluid is expelled. Once flow is rapid enough
to minimize conductive losses, this limited mass of
fluid can carry the thermal anomally only so far, Had
a greater fluid mass been vented (rather than just 1-

m.y.’s worth of compaction), the thermal anomaly
would have extended farther and might even have
reached the surface. We thus see there is a relation-
ship between the mass of fluid in an expulsive pulse,
the characteristics of the basal aquifer, and the degree
of temperature perturbation along the aquifer. If we
could estimate the fluid mass expelled in a single
pulse, we could state the maximum thickness of basal
aquifer which would allow significant thermal per-
turbations to reach within 1 km of the surface.

It may be worth while at this point to summarize
our approach in terms of a simple analogy. Consider
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a hot water tank connected to a spigot by a long pipe.
In the first part of this paper we considered whether
hot water could be drawn from the spigot if the ca-
pacity of the tank were infinite and the spigot left
open for long enough for the system to come to ther-
mal equilibrium. We showed in Figure 7 that the
flow rate had to be much larger than that which could
be supplied by steady basin subsidence (and quasi-
steady state compaction) for the conductive losses
along the pipe to be balanced by the flow of heat
along the pipe and for hot water to be delivered out
the spigot. Now we consider the finite capacity of the
tank. How much of the pipe can be heated by dis-
charge of the tank? Clearly if the capacity of the tank
is small it may not be possible to heat up the pipe
sufficiently for any hot water to be delivered out the
spigot. This problem is illustrated in Figure 9 and
discussed immediately above. The pure transient part
of the problem (which we consider in a moment)
assumes the pipe is perfectly insulated (but initially
cold) and asks how much hot fluid is required to warm
the pipe so hot water can be delivered out the spigot.

One approach to estimating the mass of fluid in a
single expulsive pulse is to assumne that a geopressured
zone will dewater when the fluid pressure reaches the

* lithostatic or overburden pressure. The fluid pressure

in geopressured zones generally ranges up to but does
not exceed lithostatic values (Jones, 1975). When lith-
ostatic pressure is obtained, the geopressured zone is
assumed to rupture and drain, dropping fluid pres-
sures back down to normal hydrostatic values. At this
point, continued basin subsidence and sediment load
accumulation recompacts the formerly geopressured
zone, bringing fluid pressures back to lithostatic,
whereupon another expulsive rupture occurs.

The rock matrix is much more compressible than
the pore fluid, and if the host is totally impermeable,
the increase in fluid pressure due to a porosity de-
crease may be expressed:

1AV 149
Ap=—-"r===2
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Here py is the average rock density above the geo-
pressured zone, e is the compressibility of water, V
is the volume of water, p is the fluid pressure (lith-
ostatic or hydrostatic), g is the gravitational constant,
and D the depth of the geopressured zone. py may
be expressed:

w=¢+(1-9)27, (6)

where ¢ is the average formation porosity above the
geopressured zone, which may in turn be expressed:

1 D
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where ¢(z) is given by the expression in Figure 4.
The density of the pore fluid is assumed to be unity
in equation (6). We can now calculate the increment
in ¢ required to increase fluid pressure from hydro-
static to lithostatic. We augment ¢ by this value to
determine the value of ¢ at which rupture of the
geopressured zone occurs. The inverse of the porosity
versus depth relation in Figure 4 is then used to de-
termine the depth of the geopressured zone at the
time of rupture, and given this depth, the inverse of
equation (3) is used to determine the age of the basin
at the time of rupture. The A¢ required for the next
rupture is then determined from equation (5), and
the series of calculations repeated. Thus, through a
cyclic series of calculations a hypothetical history of
rupture of an impermeable strata in a basin can be
determined. The cyclic calculations are shown below
in equations (8) to (11). pg is, of course, updated using
(6) and (7) at each cycle.

A¢ = apl(ps — p)gD, (8)
o= ¢+ 0, ' (9)
D = -1.75 In ¢/0.7, (10)

t = —62.8In (1 — D/7.36). (11)

The results of the above calculation scheme are
shown in Figure 10. The figure shows the change in
porosity during each expulsive episode (right-hand
axis and heavy solid curve) and the time interval be-
tween each expulsive pulse (left axis and lighter
curves) as a function of the depth of the geopressured
zone. The number of expulsive episodes that might
occur in strata starting when the strata is at 1-km
depth is shown along the lighter curve. There are
hundreds of episodes of expulsion, but between the
depths of 3 and 5 km, where the temperature in the
deep parts of the basin would be great enough to
produce Pb-Zn mineralization, the number of expul-
sive episodes is the difference between 187 and 138
or about 50. The time between expulsive episodes for
geopressured zones at a 3- to 5-km depth is about 1
m.y., and the porosity change associated with fluid
expulsion is about 0.1 percent.

These numbers are very rough estlmates as will
be discussed below, but do provide some basis for
illustrating a further constraint on basin characteris-
tics that is required for a dewatering pulse to carry
deep basin temperatures to the surface. This is illus-
trated in Figure 11. If we assume the basin pore fluids
are expelled up the basal aquifer fast enough so that
conductive heat losses to the confining strata are min-
imized, we are left with the minimum requirement
that the fluid pulse contain at least enough heat to
warm the rock contained in the basal aquifer to the
temperature of the deep part of the basin. Since we
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Fic. 10. Time between episodes of dewatering of geopressured
zones (dotted curve) and porosity drops associated with dewatering
(heavy solid curve). This is calculated assuming dewatering occurs
as part of a cycle in which normal matrix compaction builds pore
pressure to lithostatic values, causing rupture and drainage of hy-
drostatic fluid pressures; pressure then rebuilds to lithostatic values
and followed by rupture, etc. Both curves are shown as a function
of depth to the geopressured strata, which is assumed (except for
the dashed curve) to lie at the bottom of the basin. For the dashed
curve, basement is assumed to lie at a 5-km depth and the geo-
pressured zone at higher elevations. Geopressured zones above base-
ment dewater somewhat less frequently because the rate of sub-
sidence is less at any given depth. The difference between the
dashed- and solid-dotted detail curve is not great. Numbers along
the solid-dotted time interval curve indicate the number of de-
waterings that have occurred in the strata in moving from 1 km
to various greater depths. Dots indicate individual episodes of de-
watering. The number of dewatering episodes between the 3- and
5-km depths when the strata was warm enough to provide ore
fluids, for example, is 49. The porosity change associated with de-
watering in this interval is a few tenths of a percent.

want warm waters to vent and deposit lead-zinc min-
eralization, we write the condition that the heat pro-
vided by the deep brines exceed the heat required
to warm the basin margin portion of the basal aquifer
by at least a factor of two. After some algebraic ma-
nipulation we conclude, as shown in Figure 11, that
this condition can be met provided that the basal
aquifer is thinner than some value that is given by
a collection of parameters describing the magnitude
of the fluid pulse (D, W, Ag), the length of the basin
margin (L), and the fraction of aquifer utilized along
the basin margin, F. Focusing might be produced by
folds or other structures on the basin margin. An F
value of 0.5 would mean focusing and an increase in
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the escape flow velocity by a factor of two, for ex-

- ample. Substituting the values determined in Figure

10 into the expression in Figure 11, we find that a
typical expulsive fluid pulse can carry the tempera-
ture of the deep parts of the basin to the near-surface
along a basal aquifer, provided the basal aquifer is
less than 30/F meters thick. More importantly, per-
haps, the expression indicates that basins favorable
for Mississippi Valley-type mineralization should be
wide, steep sided, have a thin basal aquifer, and have
structures that tend to channel flow into or along only
certain portions of the basin margin portion of the
basal aquifer. That is, W should be large, L small,
and F less than one.

Discussion

The above description of basin dewatering delib-
erately circumvents many difficult details. For ex-
ample, the porosity of at least some geopressured
zones (Jones, 1975) exceeds by much more than a few
tenths of a percent the porosity of the surrounding,
nongeopressured strata or the porosity that would be
anticipated on the basis of the porosity as a function
of depth relation and the observed porosity above the
geopressured zone. The change in porosity accom-
panying dewatering might be much larger than the
few tenths of a percent used in our calculations. If
so, smaller geopressured zones could provide the size
fluid pulse required to vent warm fluids to the surface.
It is quite possible that, especially as fluid pressures

CONSTRAINTS ON BASAL AQUIFER
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Fic. 11. A minimum requirement for the venting of hot fuids

is that the amount of fluid expelied in a single pulse be able to heat
the basal aquifer.
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approach lithostatic values, geopressured zones will
leak. Such leakage would delay and perhaps eliminate
rupture. Some leakage will certainly take place
through the process of shale membrane filtration
(Graf, 1982). As Graf points out, shale membrane
filtration would be a very good way to increase the
salinity of the pore fluids that remained behind, since
the fluid squeezed through the shale membrane
would be fresh and thus leave increasingly saline
fluids behind. Filtration will certainly occur in geo-
pressured shales and may be a good method for gen-
erating the brines that deposited the metals in Mis-
sissippi Valley-type deposits.

We have not discussed at all how a geopressured
zone in a shale would vent. For venting to be possible,
a house-of-cards principal must apply. Collapse of
one part of the geopressured zone must put additional
stress on adjacent portions and trigger their collapse.
During the brief period of collapse and expulsion, the
permeability of the geopressured zone must be much
greater than it was in the geopressured state (see
Sharp, 1978, and Introduction to this paper). The
collapse process may be related to the formation of
slaty cleavage (Tullis, 1976). House-of-cards-type col-
lapse is not physically implausible; we make no effort
in this paper, however, to argue that it is reasonable.
Our argument is simply that some process like this
must be operative if Mississippi Valley-type deposits
are to form as the result of episodic fluid expulsion
from basins. : )

We also have not discussed how fluids from a rup-
tured geopressured zone could migrate down to a
basal aquifer. The increase in lithostatic pressure with
depth makes it quite likely that fluids will be expelled
upward from a geopressured zone. However, a down-
ward increase in permeability with depth will tend
to turn fluids venting upward from a geopressured
zone around. If the geopressured zone was somewhat
sausage- or fingerlike in geometry—that is, if fluid
flow around the sides of the geopressured zone were
possible—the released fluids could move into a basal
aquifer.

The effect of the dewatering of one geopressured
pod on the dewatering of other neighbor pods will
also eventually have to be considered.

The above complexities are recognized but have
been deliberately sidestepped. It will clearly take a
long time to address them all satisfactorily. An ex-
perimental approach would perhaps be most profit-
able for many. It is encouraging to note, however,
how little of a basin’s fluid is actually required to
precipitate the total estimated Mississippi Valley min-
eralization associated with a basin. For example, the
total metal tonnage that might be associated with the
Ilinois basin (including the Upper Mississippi Valley,
Southeast Missouri, Kentucky-Illinois, and Central
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Illinois districts; Fig. 3) is roughly 100 million tons
of combined lead and zinc.! The basin contains over
3.8 X 10° km?® of Paleozoic sediment. Thus, if the ore
brines contained 100 ppm Pb plus Zn, a porosity de-
crease of 0.26 percent could provide the required ore
fluid. It may be that economically significant lead-
zinc accumulations require extraction of components
from a smaller fraction of a basin’s pore fluid than
would be required for significant oil accumulations.

Other lines of reasoning indicate that the magni-
tude and rates of episodic fluid expulsion estimated
in the previous section may be of the right magni-
tude. The 50 episodes of fluid expulsion estimated in
Figure 9 to occur between a 3- and 5-km depth could
account for the sphalerite banding observed in the
Upper Mississippi district noted by McLimans et al.
(1980). McLimans et al. found about 30 major dark
bands interspersed with light bands. Each dark band
might represent an episode of geopressure release. If
so, the time duration between each band might be
about a million years, and the time required to pro-
duce all the bands would be about 30 m.y. (see Fig.
10 and previous discussion). In this view the dark
portions of the bands would be the central, hottest
portions of the pulse, and would carry the most iron.
The white bands would represent the cooler leading
and trailing edges of the pulse. For the great majority
of the time, when expulsed basin fluids were not
coursing through the deposits, the deposition sites,
being near-surface, would likely be bathed in rela-
tively fresh and much cooler ground water. At these
times the sphalerite bands could be dissolved. Dis-
solution zones should thus be found in the middle of
white bands. A similar story could be made for at
least eight pulses of mineralization interspersed with
periods of dissolution noted by Sverjensky (1981) in
the Buick mine of the Viburnum Trend. The episodic
pore fluid expulsion model thus provides a convenient
explanation for the ore banding and pulses of min-
eralization interspersed with periods of ore dissolution
observed in Mississippi Valley-type deposits. Con-
vincing alternate explanations are difficult to find.

Pulses of fluid expulsion, each from a slightly dif-
ferent part or mixture of parts of the basin, could also
account for the geochemical and isotopic complexity
of the ore deposits (Sverjensky, 1981; Hey! et al,
1974). Pulses of geopressured fluid, passing through
the ore deposition sites, could account for the tectonic
features of the deposits and the intimate relationship
of these features to ore, as noted by Dozy (1970) and
Ohle (1980) and discussed in the Introduction of this
paper.

Several estimates of the time that warm mineral-
izing fluids were present in the sites of ore deposition

P McLimans, 1977; Morris et al., 1973; Wedlow et al., 1973.
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TABLE 2. Width of Thermal Halos Associated
with Escape Aquiters
t d ‘ F
10 yrs 35 m 0.46
100 yrs 112 m 0.21
1,000 yrs 350 m 0.08
10,000 yrs 1,120 m 0.03

If fuid flows through an aquifer and keeps it anomously warm
for a period of time, t, impermeable strata on both sides of the
aquifer will be heated; d = 2VKt approximately describes the
equivalent warming of both sides of the aquifer (see Carslaw and
Jaeger, 1959, p. 61). Taking the thermal diffusivity, K, to be 0.01
cm?/sec and t as indicated in the table, we calculate the d values
listed. The degree of channeling, F, in the basin margin portions
of the aquifer required to preserve the original thermal mass of
the 30-m-thick aquifer is also shown. An upper limit on the duration
of a thermal pulse is given by the relations in Figure 7. If min-
eralization occurs over a 50-m.y. period, and dewatering takes place
less than 1/5,000th of the time, the maximum duration of a de-
watering pulse is 10,000 years. Thus, the bottom line in the table
is approximately the maximum duration of a dewatering pulse that
would be useful for depositing lead-zine mineralization

are comparable. In our model we seek to warm only
the basal aquifer and as little of the adjacent less
permeable formation as possible. Table 2 estimates
the thickness of adjacent formation that will be heated
by fluid pulses of various durations. The table shows
that as the duration of thé pulse is increased, greater
thicknesses of adjacent formation are heated and a
greater focusing of flow through the aquifer at the
margins of the basin is required to meet the criteria
set forth in Figure 11. The table suggests that the
most likely duration of a single expulsive pulse is a
few hundred to a few thousand years.

Assuming the ore deposition phase of a basin lasts
no longer than 50 m.y., Figure 7 places an upper
bound of 50,000 years for the duration of a single
fluid pulse (since the rate of fluid expulsion from the
basins must be 1,000 times normal).

Lavery and Barnes (1971) have estimated the total
time that mineralizing solutions were present in veins
in the Wisconsin-Illinois district from diffusion halos
of zinc observed around the veins. From one vein
they estimate 2,000 years for the duration of the
mineralizing event, from another 250,000 years. Un-
der the assumptions made in Lavery and Barnes’ cal-
culations, the mineralization could equally well be a
single event or a series of separate events. If miner-
alization took place in 80 pulses, the time duration
of each pulse would be 66 to 8,300 years, estimates
which overlap our range of estimates.

Finally A. Gize (pers. commun.) has examined the
maturity of hydrocarbons near the Wisconsin-Illinois
district and shows that they could not have been ex-
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posed to the temperatures of ore deposition for more
than 1 m.y. If ore deposition occurred in 30 pulses
in this area, the duration of a single pulse would have
been 33,000 years. .
Various estimates of the time duration of miner-
alizing pulses thus give similar results. It is reasonable
to suppose that if basins are to spawn lead-zinc min-
eralization, they will do so when they are deep
enough to have basal temperatures in excess of 100°C
and are subsiding, accumulating sediments, and com-
pacting fairly vigorously. The duration of this period
is ~30 m.y. for most basins. The estimates of our
heuristic model thus are fairly robust. From several
points of view it seems reasonable that Mississippi
Valley-type mineralization was deposited over a pe-
riod of a few tens of millions of years but that the
duration of ore deposition was a few thousandths or
less of this total period. ,
Finally, although bursting of a geopressured zone
is rare (once every million years or so), it is not in-
conceivable that the phenomena could be observed
somewhere in the world in the next decades. Surface
venting of warm solutions might lead to slumping,
death of vegetation, and hydrothermal alteration.

Comparison of the Characteristics of Basins with
and without Abundant Lead-Zinc Mineralization
to the Characteristics Considered Favorable to
Lead-Zinc Mineralization under the Episodic
Pore Fluid Expulsion Hypothesis

The episodic pore fluid expulsion hypothesis dis-
cussed above identifies basin characteristics favorable
to the formation of lead-zinc deposits:

1. The basin should contain abundant units with
very low permeability (e.g., shale). Rock units with
particularly low permeability (20.005 mD for sedi-
mentation rates of 25 m/m.y.) are required for the
formation of geopressured zones (e-g., Sharp, 1978).
Lower sedimentation rates require lower basin per-
meabilities.

2. The internal structure of the impermeable units
should be complex, and average regional permeabil-
ity should increase downward overall. Combined, this
will facilitate downward movement of fluids to a basal
aquifer.

3. The basin must have a stable margin. One fluid
pulse will not deposit enough ore to make an ore
deposit. The metal content of many pulses must be
deposited in the same near-surface locality if an ore
deposit is to be formed.

4. The basin should have a thin but high perme-
ability basal aquifer, and it is preferable that the
margins of the basin be steep. If this is the case, a
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smaller fluid pulse would push hot deep basin brines -

to the near-surface without complete cooling.

5. The basin should have structures that focus de-
watering fluids out to restricted portions of the mar-
gin. Focusing of the flow will allow smaller expulsive
pulses to be effective and will in addition produce
larger ore deposits by channeling outflow into only
a few major escape localities.

One way to test the episodic pore fluid expulsion
model is to examine several basins to see if their pro-
pensity toward major accumulations of lead-zinc
mineralization can be explained in terms of the above
criteria. We will briefly examine six basins in this
fashion. Three of the basins, the 1llinois’ Arkoma-
Ouachita, and the Appalachian, are geographically
associated with known, economically exploitable Mis-
sissippi Valley-type lead-zinc deposits; the other
three, Michigan, Forest City, and Anadarko, have no
known economic Mississippi Valley-type deposits as-
sociated with them. Table 3 and the following dis-
cussion summarizes some of the salient characteristics
of these basins and their associated ore deposits.

Basins with Pb-Zn mineralization

The Hlinois basin (Fig. 1) is surrounded by at least
five major Pb-Zn districts: Upper Mississippi Valley,
Viburnum Trend, Illinois-Kentucky, Central Ken-
tucky, and the Central Missouri districts. Many minor
occurrences and districts are also known to exist
around the basin margins.

The lllinois basin started out as a broad depressnon
covered by thin but extensive basal sand units. With
time the basin developed arches capped by reefs that
could host Mississippi Valley-type deposits. Some of
these arches were persistent features, such as the Pre-
cambrian knobs of the Viburnum Trend that have
continuously persisted since the Cambrian. Others
were ephemeral. The arches that define the present-
day Illinois basin were established mainly in Late
Ordovician time. _

The thin basai sand units are ideal aquifers for
mineralizing solutions. In the Wisconsin-Illinois dis-
_trict, for example, mineralization occurs in the Or-
dovician Trenton Group (McLimans, 1977), which
overlies the permeable St. Peter Sandstone. The St.
Peter Sandstone is variable in thickness, averaging 30
m across northern Illinois (Willman et al., 1975), and
becomes sandier to the north from the central portion
of the basin (Dapples, 1955). It overlies a major Lower
Ordovician unconformity that cuts progressively into
the section to the north (Willman et al.,, 1975). There-
fore, all fluids flowing to the north edge of the basin
would drain into the St. Peter Sandstone.

Mineralization in the Viburnum Trend occurs pri-
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marily in the Bonneterre Dolomite, which is capped
by the impermeable and sometimes mineralized
Davis Shale. The basal unit in the area is the Lamotte
Sandstone which lies unconformably on the Precam-
brian basement and thins and/or pinches out over the
granite knobs of the Ozark uplift.

The Illinois-Kentucky and Central Kentucky dis-
tricts are located over the deeper parts of the Illinois
basin. Fluid exodus is thought to have been controlled
here by deep vertical faults that have surface expres-
sion and penetrate to basement. These faults became
active during the Carboniferous. Mineralization in
both districts occurs primarily in Mississippian rocks.

The Illinois basin contains over 3.8 X 10° km? (after
Swann and Bell, 1958) of sediment of which over 20
percent is estirnated to be shale. Over 5 km of sedi-
ment was deposited in the deepest parts of the basin
in the Paleozoic at an average rate of about 18 m/
m.y. The pre-Carboniferous shales are fairly contin-
uous throughout the basin and are not as structurally
complex as the Carboniferous shales. The Carbonif-
erous shales were deposited more rapidly. Two ki-
lometers of Carboniferous shale were deposited at a
rate of approximately 30 m/m.y. These more rap-
idly deposited shales are intermixed with discontin-
uous sandstone units. The Carboniferous strata are
less permeable than the pre-Carboniferous strata
below. »

Locally complex folds and major faults occur in
the interior of the Illinois basin that could intercept
and focus ore-bearing fluids as they migrated to the
basin margins.

The Illinois basin thus has many of the character-
istics that favor the formation of Mississippi Valley-
type mineralization according to the pore fluid ex-
pulsion model, including shale with structural com-
plexities, relatively stable positive margins, thin basal
aquifers, and structural features that could focus fluid
flow to particular parts of the basin margin.

The tectonically and geographically related Ar-
koma and Quachita basins (Viele, 1973; Morris, 1975)
formed in Carboniferous time as the result of collision
of South and North America and are thus termed
foreland basins. The collision zone to the south was
of course not a stable margin during basin formation
(it lies within the so-called Ouachita mobile belt;
Viele, 1973). The eastern and western margins were
not well defined either, but the northern margin (the
Ozark uplift) was stable throughout the Paleozoic,
and it is on this margin that the Tri-State and northern
Arkansas lead-zinc districts are located. Mineralized
fault breccias and shales of Pennsylvanian age indi-
cate that mineralization took place in both districts
during Upper or post-Pennsylvanian time (McKnight
and Fisher, 1970; Leach et al., 1975). Host rocks for
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TasLE 8. Basin Characteristics

Volume of
Band- sediment % shale
Basin Associated districts ing' Potential regional aquifers Age of host rock (km%) (estimate)
1. Illinois A. Upper Mississippi Valley 1,2 st. Peter Sandstone Ordovician
B. Viburnum Trend 1,2 Lamotte Sandstone Cambrian
C. llinois-Kentucky 1,2  Faults Mississippian
. >
D. Central Kentucky 1,2 Faults Mississippian >38 x 10° >20 ()
E. Central Missouri 3 Lamotte Sandstone or Ordovician —
unconformity Pennsylvanian
I. Arkoma-Ouachita  A. Tri-State 2? Simpson Group, faults Mississippian
B. northern Arkansas 3 Simpson Group, faults Ordovician and >2.3 X 10* >20 (?)
Mississippian
I1l. Appalachian A. East Tennessee 1,2 Cambrian quartzite, limestone, Lower Cambrian,
dolomite Ordovician
B. Friedensville 1,2 Hardyston quartzide (7) Lower Ordovician
C. Central Tennessee 1,2 Knox dolomite Ordovician >2.15 X 108 35
1V. Michigan A. minor 3 >38 X 10° 18
V. Forest City A. minor 3 >33 X 10° ?
Vi dark A. west ? i ?
Anadarko A wz?s ern Kansas (?) 3 Simpson Group (?) >4.13 X 10° >20
. minor 3

"1 = within minerals (e.g., sphalerite), 2 = by minerals (paragenesis), 3 = uncertain

#P = poddy, discontinuous; ¢ = continuous; () = probable

Characteristics of three basins with associated Pb-Zn districts are compared with those of three basins with no known Pb-Zn districts; the volume of
sediment and rates of sedimentation are minimums based on calculations of preserved thicknesses

the ore are Mississippian carbonates in the Tri-State
district (Hagni, 1976) and are Mississippian and Qr-
dovician carbonates in North Arkansas.

The lower Paleozoic sequence contains several
sandstones and dolomite units of the Simpson Group,
which thin over the Precambrian highs in the north
and could have acted as the basal aquifers for the
mineralizing fluids in both districts. The permeability
of the Simpson Group sands tends to increase to the
north toward the Ozark uplift (Dapples, 1955).

The Arkoma-Ouachita basin is thickest to the south
in the Ouachitas (more than 6 km deep) and thins
rapidly to the north of the Arkoma basin over the
Ozark uplift. The basin contains well over 2.3 X 10
km? of sediment (after Huff man, 1959) of which over
20 percent is shale. The major pulse of clastic sedi-
mentation occurred during the Carboniferous in the
Arkoma basin. Sedimentation rates ranged from 80
to 60 m/m.y. during these pulses compared with an
average rate of 18 to 22 m/m.y. during the entire

Paleozoic (Table 3). The shales rapidly deposited dur-
ing the Carboniferous are complex and poddy com-
pared with the areally continuous and thin shales of
the Devonian and older rocks (Amsden, 1981; Viele,
1973; Morris, 1975). They were deposited during the
northward migration of the Ouachita orogenic belt.
The carbonates and sandstones that were deposited
more slowly in the lower Paleozoic may be more per-
meable regionally than the overlying complex Car-
boniferous shales and flysch.

The Appalachian basin (Fig. 1) is another example
of a fore-arc basin. The Friedensville deposit, the East
Tennessee district, and possibly the Central Tennessee
district are associated with the Appalachian basin.
Host rocks for the deposits range in age from Lower
Cambrian to Middle Ordovician and are dolomitized
limestones, reefs, and shales.

Potential thin basal aquifers that underlie each of
the major districts include the Hardyston Quartzite
in eastern Pennsylvania, Lower Cambrian quartzites
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TABLE 3. —(Continued)

Major i)eriods of clastic sedimentation

Paleozoic (340-m.y.)
sedimentation

Dura- Complex- Subsidence Thickness Subsidence Max. thickness
tion ity of rate of sediment _ rate of sediment
Location Age {m.y.) shales? {m/m.y.) (km) {m/m.y) (km)
Basinwide Mississippian-Pennsylvanian 65 P 30 ~2 18 5
Arkoma 35 P 60 >2.1 >18 >5
Ouachita Mississippian-Pennsylvasian 65 80 >5.2 >22 >6.1
Eastern Upper Ordovician-Lower Silurian ~15 P, C ~290 ~4.4
Pennsylvania Upper Devonian ~25 ‘P,C ~190 ~4.8 40 11
Mississippian-Pennsylvanian ~65 P 45 ~2.9
East-Central Upper Ordovician-Lower Silurian ~15 P, C ~50 ~0.7
Tennessee Upper Devonian ~25 P.C ~30 ~0.8 17 5
Mississippian-Pennsylvanian ~85 P,.C ~15 ~1.0
Basin center Mississippian-Pennsylvanian 65 C, (P} ~8 0.5 14 4
Basin center 35 {P) 24 0.85 8 2.2
Basin wide 35 P 160 55 >30 >10.2

References for indicated parts of the table are:

1. A. Halland Friedman, 1963; Heyl, 1968; Pickney and Rafter, 1972; McLimans, 1977; McLimans et al., 1980. B. Roedder, 1977; Snyder and Gerdemann,
1968; Economic Geology, 1977; Sverjensky, 1981. C. Roedder, 1967, 1976; Grogan and Bradbury, 1968; Heyl et al., 1966. D. Jolly and Heyl, 1964; Snyder,
1968; Plummer, 1971; Roedder, 1971, 1976; could be associated with Appalachian basin. E. Leach, 1980; may be associated with Arkoma basin,

II. A. Hagni and Grawe, 1964; Brockie et al., 1968; Hagni, 1976. B. Snyder, 1968; Leach et al., 1975 .

I A. Kendall, 1960; Heyl et al., 1966; Crawford and Hoagland, 1968; Hoagland, 1976. B. Callahan, 1968; Roedder, 1971, 1976. C. Snyder, 1968;

Roedder, 1971, 1976; Kyle, 1976; Hoagland, 1976.

and carbonates in East Tennessee, and the Knox Do-
lomite in Central Tennessee. Faults, folds, and un-
conformities could have acted as focusing mecha-
nisms for the ore-forming solutions..

The Appalachian basin contains over 2.15 X 10°
km?® of sediment, which is estimated to be at least 35
percent shale (Colton, 1970). Today the basin is thick-
est in the east (greater than 5 km) and thins rapidly
to the west over a stable hinterland. Unlike the basins
discussed previously, however, the Appalachian basin
was influenced by at least four major orogenic events:
the Grenville, Taconic, Acadian, and Alleghenian
orogenies. During each, the rate of sedimentation in-
creased dramatically (Table 3). The shales associated
with each pulse of sedimentation are structurally
complex. The shales deposited during times of less
rapid sedimentation are fairly continuous, often thin,

and interbedded with relatively continuous sand-
stones and carbonates.

The unknown age of the ore deposits is a major
barrier to a more detailed understanding of their or-
igin. For example, there are more than 1.5 X 10° km?®
of Ordovician shales in the central parts of the Ap-
palachian basin that are younger than the strata that
host the ore deposits (Hoagland, 1976; Colton, 1970).
These shales are part of the flysch sequence deposited
during the Taconic orogeny. Sediments reached a
thickness of over 7 km in parts of the basin at the end
of the Taconic orogeny. Could these shales have been
involved in the mineralization? We simply don’t
know because we don’t know the age of the deposits.

Both the Arkoma-Ouachita and Appalachian basins
thus have substantial accumulations of low perme-
ability strata with complex structure overlying more
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permeable carbonates and sandstones. Both basins
have structures that could focus discharge and the
margins that host ore were stable at the time of min-
eralization. Like the Illinois basin, these basins appear
to meet the criteria for the basin expulsion model and
all three basins indeed have associated Mississippi
Valley-type ore deposits.

Basins with no major Pb-Zn districts
around the basin margins

The Michigan basin (Fig. 1) is a circular, intracra-
tonic basin like the Illinois basin, surrounded by major
tectonic arches that were positive features in the
lower Paleozoic (Cohee, 1965). The basin contains
over 3.8 X 10° km® of sediment (18% shale, Colton,
1970) and reached a thickness of over 8 km during
the Devonian. The history of lower Paleozoic sedi.
mentation (but not sediment type) and tectonics is
similar to the llinois basin (Hamblin, 1958; Melhorn,
1958; Cohee, 1948; Fowler and Kuenzi, 1978). Car-
bonates and evaporites are the dominant lithologies
with only minor shales. The evaporites could be a
source of the high salinity brines. The Mt. Simon and
‘St. Peter Sandstones are possible aquifers for ore-
forming solutions. Potential reef and dolomite host
rocks are numerous and occur throughout the Paleo-
zoic. However, unlike the Illinois basin, there was
never a major pulse of clastic sedimentation with its
associated complex and poddy shales. Instead, the
major shales in the Michigan basin are relatively thin,
extensive, and continuous. The shale geometry would
not favor the downward migration of expulsed fluids.

The Michigan basin is also characterized by very
little internal structure. Few anticlines and deep basin
faults are known. There appears to be no major mech-
anism capable of focusing ore solutions to one part
of the basin margin.

The Forest City basin (Fig. 1) is another intracra-
tonic basin that contains more than 8.3 X 10° km? of
sediment. The basin, however, never reaches a thick-
ness of more than about 2.2 km of preserved sediment
and thus may have been relatively cool. Provided
suitable temperatures for Mississippi Valley-type
mineralization were attained (and they could well
have been), Mississippi Valley-type deposits could
have been produced, because the basin’s tectonic and
sedimentologic history is similar to that of che Illinois
basin, and the general condition for deposit formation
is favorable. Potential host rocks, basal aquifers, com-
plex shales, and internal basin structure, folds, and
faults that could have focused fluid outflow are pres-
ent in the Forest City basin.

The Anadarko basin (Fig. 1) is a fore-arc basin
similar to the Arkoma-Ouachita basin. It contains
over 4.5 X 10° km® of Paleozoic sediment, more than
20 percent of which is shale. Over 5.5 km of the more
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than 10 km of sediment deposited in the deep parts
of the basin were deposited in the Pennsylvanian at
a rate of over 160 m/m.y. The basin is thickest in the
south and thins gradually to the north over a stable
hinterland west of the Ozark uplift. Major tectonic
structures in the area are Carboniferous or younger.
There are no major arches or highlands in the stable
margin area over which the pre-Carboniferous sedi-
ments thinned. Potential fluid-focusing structures,
thrusts, faults, folds, and basal aquifers are present,
The thinning of the basin to the north seems to have
simply been too gradual to allow venting of the warm
basal fluid required for mineralization.

The basins without economic lead-zinc deposits
thus lack one or more of the five criteria required to
form the deposits by the fluid expulsion model. Either
they do not have complex impermeable strata (Mich-
igan basin), they were not deep enough to develop
warm enough basal brines (Forest City basin), they
lacked focusing structure in the basal aquifers (Mich-
igan basin), or they lacked sufficiently steep or stable
margins (Anadarko basin). The criteria for formation
of Mississippi Valley-type mineral deposits deduced
from our episodic pore fluid expulsion model appear
to have some utility in distinguishing basins favorable
for mineralization from those that are unfavorable.

Conclusions and Summary

We have examined in some detail one aspect of
the basinal brine-pore fluid expulsion hypothesis for
formation of Mississippi Valley-type lead-zinc depos-
its—namely, the rates of fluid flow up a basal aquifer
that would be required to carry, in accordance with
this hypothesis, the temperatures of the deep parts
of the basin to near-surface sites of ore deposition.
We have shown that the flow rates required for most
basins are >300 to 5,000 times those that could be
produced by normal steady basin subsidence, sedi-
mentation, and compaction (see Fig. 7). If the pore
fluid expulsion hypothesis is to work, it appears the
expulsion of pore fluids from a basin must be an ep-
isodic phenomenon. Pore fluids must be expulsed at
thousands of times the average rate over periods of
time representing only a few thousandths of the per-
tinent history of basin growth.

The implications of the episodic pore fluid expul-
sion hypothesis for lead-zinc deposition have been
explored in a first cut fashion. If dewatering occurs
in a cycle as fluid pressure builds up to lithostatic
levels, approximately 50 dewatering pulses might oc-
cur, one every million years or so, as a strata subsides
from 3 to 5 km in depth (Fig. 10). Roughly this num-
ber of dewatering episodes could account for the
major color bands in sphalerite from the Upper Mis-
sissippi Valley district and for the eight or so pulses
of mineralization observed in mines of the Viburnum
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Trend. In between dewatering pulses the near-surface
sites of ore deposition would most likely be exposed
to surface waters that might corrode the sulfide min-
erals. Thus, the observed cycles of deposition and
corrosion can be explained by episodic dewatering.
As discussed by Dozy (1970) and reviewed in the
Introduction, many of the tectonic features of Mis-
sissippi Valley-type deposits and the close relation of
these features to ore deposition (Ohle, 1980) are nat-
urally explained by the periodic passage of pulses of
geopressured fluids. The same gereral number and
duration of dewatering pulses are indicated by several
independent lines of evidence.

Using the fact hot basal brines must at least heat
up the hypothetical escape aquifer at the margin of
the basin if hot fluids are to reach the near-surface
sites of ore deposition, it is shown that ore deposition
should be favored by wide basins with steep sides, a
thin basal aquifer, and structures that channel flow
to restricted portions of the basin margin (Fig. 11).
Impermeable strata are of course required if geo-
pressured zones are to dévelop. This means a basin
favorable for lead-zinc mineralization should have
abundant shale or flysch. Complex sedimentology cr
structure and permeability that increases downward
will promote downward migration of expelled pore
fluids and these should, therefore, also be considered
favorable features. Because one fluid pulse is not suf-
ficient to make an ore deposit, and tens of millions
of years are probably required to accumulate enough
pulses, favorable basins must have stable margins. The
sites of ore deposition (fluid escape) must remain near
the surface for prolonged periods, if economically
interesting accumulations of metals are to be depos-
ited.

Five basins in the mid-continent region of the
United States were reviewed in light of the above
criteria for Mississippi Valley-type mineralization
potential. Within our limited and perhaps biased
knowledge of the basins, the above criteria appear
to be successful for distinguishing basins with superior
lead-zinc mineralization potential (as evidenced by
presently known ore deposits) from basins with little
or no potential. The criteria set forth above and dis-
cussed in the body of this paper may thus have some
exploration utility.

The low permeability (~0.005 mD) required to
develop geopressured zones in a basin subsiding at
a few tens of meters per million years is low enough
to preclude any significant migration of hydrocarbons
or free convection of water (Cathles, 1981). Hydro-
carbon migration, to the extent it does occur in basins
that produce copious Mississippi Valley-type mineral
deposits, thus probably occurs during rupture of geo-
pressured zones and episodic pore fluid release. Study
of lead-zinc mineralization associated with basins, and
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particularly the banding of such mineralization,
might thus make a contribution to understanding
hydrocarbon migration in these basins. The episodic
movement of pore fluids we envision is certainly dif-
ferent from the steady upward movement envisioned
by Bonham (1980) to occur predominantly in more
permeable basins with significant oil reservoirs. The
fact the permeability required by the episodic ex-
pulsion hypothesis is low enough to preclude free
convection means that this hypothesis is cleanly sep-
arated from any hypothesis that involves fluid cir-
culation around an igneous intrusive.

The episodic dewatering hypothesis appears to con-
tain all the ingredients necessary to produce the lead-
zinc mineralization associated with basins. The fluid
that will be eventually expelled must spend long pe-
riods of time in a geopressured state enclosed by im-
permeable strata. Under such conditions reverse os-
mosis will operate and the fluids in the geopressured
zone will become more saline. Sudden rupture could
expel the fluids at the rates required to carry tem-
peratures typical of the deep portions of the basin to
the near-surface. Sverjensky (1981) has shown the
fluids could carry tens of parts per million of both
lead and sulfide sulfur in the ratio stoichiometrically
required to form galena. Mineral deposition could
occur near the surface due to simple cooling.

The most important conclusion of this paper is that
episodic dewatering is required if temperature gra-
dients at the basin margins are to be perturbed and
the conditions for lead-zinec mineral deposition estab-
lished. Beyond this the rough outlines of an episodic
dewatering model for Mississippi Valley-type min-
eralization have been sketched. We hope this may
serve as a useful framework for future studies.
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APPENDIX

Clossary

» = heat capacity of the water-saturated formation
g = gravitational constant cm/sec?®
k = permeability in cm?
= thermal conductivity in cal/em-sec-°C
p = fluid pressure in dyns/cm?
q = Darcy mass flux in g/cm?*-sec
t = time in seconds
T = temperature in °C
v = fluid viscosity in stokes
¢ = formation porosity
p = fluid density
r = formation density

An equation that describes the compactive expul-
sion of fluid from a two-dimensional basin can be
easily derived from Darcy’s law and the equation of

fluid continuity. Darcy’s law may be expressed
(Cathles, 1981):

(¥p — pg) (Al)

w!N

The equation of continuity assuming no sources or
sinks of fluid in the formation may be written:

d(pg) + v

=0.
ot d

(A2)
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If we consider that the fluid density is a constant, but
that fluid pressure is perturbed by the compaction
process and thus a function of space and time, we
may write

P = pg
P = po(z) + pi(x, y, z, t).

(A3)
(A4)
Assuming no flow under unperturbed (zero order)

conditions,

Vps = pogo = 0. (A5)
Substituting (A3) and (A4) into (A1) and using (A5),
we find

(A6)

q=-=-Yp,.

w o=

L. M. CATHLES AND A. T. SMITH

Substituting (A6) into the continuity equation (A2),
using (A3), and expanding 3¢/t using the chain rule
and using 9z/dt = v,, a simple Poisson equation for
fluid pressure is found:
k d¢
Y+-¥p, — - A7
. V__Px [AP 82 ( ‘)
The heat balance equation simplified from Cathles
(1977) is:
) oT
KV"T - _V__’qT = PRy — .
= ot
Figure 9 shows the finite difference solution of equa-
tions (A6), (A7), and (A8). An alternating direction
implicit method of solution was used as described in
Cathles (1977).

(A8)





