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Hydrodynamic Constraints on the Formation of

Kuroko Deposits*

L. M. CATHLES**

Abstract: Simple calculations are presented to illustrate the kinds of constraints hydrodynamic considera-
tions can place on genetic hypotheses. It is tentatively shown that the rhyolite plugs commonly associated with
Kuroko deposits are too small to be the cause of Kuroko mineralization. A larger intrusive heat (or magmatic
fluid) source at depth is needed. Convective velocities in rocks of reasonable permeability are so much smaller than
minimum ocean bottom current velocities that it is very unlikely Kuroko mineralization could have been precip-

itated from solutions above the sea-sediment (or rock) interface. Hydrothermal solutions would be swept away as

soon as they left the protective sediment or rock cover. Finally hydrothermal convection may be expected to

promote ore slumping if the permeability of the precipitated ore is low. The “slumped” nature of some Kuroko '

ores may thus find a natural genetic explanation.

Some of the significant geological and
geochemical aspects of Kuroko deposits have
been described in the articles accompanying
this one. From these descriptions and others it
is clear mineralization was deposited from
upward convecting hydrothermal solutions.
The origin of the solutions and the manner
of mineral precipitation is not so clear, how-
ever, although isotopes and deposit studies
can potentially impose some useful constraints.
The purpose of this article is to illustrate the
kinds of constraints hydrodynamics can impose
on the genesis of Kuroko deposits. I would
like to emphasize that it is the intention of this
paper to simply illustrate and explore the kinds
of calculations and considerations that may
prove useful. Suggestions made should be
regarded as working hypotheses, unproven,
at this stage by rigorous comparison with
available geochemical and geological data.

One of the most useful kinds of computation
that can be made asks the question: given an
intrusive of a certain size and initial tempera-
ture in host rock of some permeability, how
fast will the intrusive cool, and how much
water will circulate through the intrusive in
the course of cooling ? The methods of making
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this kind of computation in a way which
includes the true properties of water (including
the effects of ‘boiling and condensation) are
described in CaTnHLEs (1977).

Figure 1 shows the cooling and convection
history of a Kuroko deposit assuming the heat
which drives the convection is supplied only
by the small rhyolite plug often (but not
always) found associated with Kuroko deposits.
The initial temperature of the rhyolite plug
is 700°C as shown in Figure la, and the
permeability of the plug and rock intruded is
assumed to be a uniform 0.25 millidarcies.
This value of permeability is a little less
than the 0.45 millidarcies estimated for
oceanic crust by RiBanpo et al. (1976) or the
value of 0.62 millidarcies found for the average
permeability of the oceanic plate by Fenn
and CatuLEs (1978) in their preferred model.
The sea depth is assumed in the model of
Figure 1 to be only 100 m, so the pressure at
the sea sediment interface is only 10 bars.
The rhyolite plug is small (200 m thick and
300 m wide) and is intruded so its top surface
is 200 m below the sea-sediment interface.

Figure 1 shows the cooling of the rhyolite
plug is very rapid. The circulating fluids boil
as they enter the base of the heat anomaly of
the plug (e.g., Figs. Ib and ¢) and condense
as they enter cooler rock overlying the plug.
The heat anomaly of the plug migrates upward
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Fig. la~e Cooling history of intrusive the size of rhyo-
lite plug often found associated with Kuroko deposits.
At most only 3.35 kg hydrothermal solution circulate
through 1 cm? of surface area near the intrusive. In
this and the following figures, pressure (in bars) is
shown by short dashed lines, temperature (in °C) is
shown by longer dashed lines, and solid lines with ar-
rows contour the dimensionless stream function and
show the direction of fluid convection. Rock and fluid
parameters, when not otherwise specified, are as in
CaruLes (1977). When fluids are produced (by
boiling in this case) which lie on the high temper-
ature side of the two phase curve of water, such
‘vapor’ zones are assigned a value of 1.0 at each grid
point and the boundary of the vapor zones and
condensed fluid zones (whose grid values are 0.0)
contoured (see Figs. 2b, ¢). This indicates the location
of the vapor zones as well as where boiling and
condensation occurs.

due to the convection. Boiling and condensa-
tion occur from the time of intrusion till 300
years after intrusion. Thereafter temperatures
are too low and the fluid remains liquid
everywhere. After 100 years the intrusive is
cooler than 523°C. everywhere. After 200
years cooler than 350°C, after 350 vyears
cooler than 218°C, and after 700 years cooler
than 138°C everywhere. After 700 years at
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most 3.35 kg of water have convected past
any one cm? of surface area near-the plug.
At the sea-sediment interface mass flux values
are ~ 1.5 kg/em® (Fig. lc).

Typical Kuroko deposits have ore grades
~1-39%, copper, 1-4%,Pb, 1-14%, Zn, and 10-
409, sulfur. Ore bodies have typical horizontal
dimensions of 200 X 400 m and ore thicknesses
of 6-40 m (IsHrHARA et al., 1974, p. 132).
Focusing just on copper, it is easy to see the
amount of convection generated in Figure 1d
is probably not sufficient to account for the
mineral deposition. Copper loadings of 1 gram
copper per 1,000 grams hydrothermal fluid
and perhaps slightly higher could be enter-
tained as possible in the convecting solutions.
Thus one gram of copper per 1,000 grams of
water could be precipitated at or near the
sea-sediment interface where the fluids cool
dramatically or, since ~1.5kg of water have
circulated through each cm? of surface, about
1.5g of Cu per cm? of sea-sediment surface
could have been precipitated. This is sufficient
to give a 0.5 m thickness of 3 wt.%, ore which
is much much less than the 6-40 m of ore
thickness typical of Kuroko deposits.

The amount of fluid circulation is not very
sensitive to permeability. The amount of
fluid circulation for permeabilities 0.25 mil-
lidarcies is controlled by the amount of heat
in the intrusive available to drive the con-
vection. Increasing the permeability will
almost certainly not increase the total (inte-
grated over time) mass flux by more than a
factor of two and probably not increase it
mote than 509, (e.g. see CaTHLES, 1977, Fig.
8b, p. 817). These statements need to be
verified, but it seems quite unlikely the
rhyolite plug itself is a big enough heat source
to drive fluid convection sufficient to deposit
the volume of mineralization found in Kuroko
deposits.

Figure 2 shows, however, that sufficient
fluid convection can easily be produced by
a larger ig‘;t‘frusive at depth. This particular
intrusive is three killometers wide and 4.5 km
high buried 5.5 km beneath the rock-water
interface. The water depth is shallow ( ~100m),
so the pressure at the rock water interface is
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Fig. 2 Cooling h1story of large intrusive. In 100,000 years 3,310 kg of hydrothermal solutlon have circulated past

the edge of this impermeable (0.001 md) intrusive. Note counter circulation cell over top of intrusive.

10 bars. The intrusive is initially 800°C
(Fig. 2a). The permeability of intrusive is
1072 millidarcy; the permeability of intruded
formation is 1.0 millidarcies.

Figure 2f shows that after 100,000 years
about 500 kg of water have circulated through
the sediment-water interface into the ocean
above. If one gram of copper is precipitated
from each killogram of such solution, 500 g
copper could be precipitated per cm? or
enough for a 3 wt.% ore lens ~61 m tthk
This thickness is compatible with the 6-40 m

ore thicknesses observed in Kuroko deposits .
(loc cit). Of course greater mass fluxes could .

be achieved in particular zones near the
surface where fracturing is more intense or

faults occur and the permeability is therefore

greater. In such cases less than 1 gram of
copper could be dropped per 1,000 grams of
convected solution and still produce a Kuroko
sized deposit.

Another feature of interest is shown in
Figure 2. For the case of fairly large (3 km
wide) low permeability pluton in a high

permeability domain, clockwise convection in

the intruded domain causes a hot plume to
rise from the intrusive edge. This hot plume
drives counter-clockwise convection above
the .intrusive. The ‘:counter-clockwise cell
persists over the entire cooling history of the
intrusive, :and in fact grows in near surface
areal extent as time goes on. If one thinks of
the rock immediately above the intrusive as a
caldera*, this kind of convection geometry
tends to isolate fluids that see only rock within
the caldera (counter-clockwise cell) from fluids
that circulate well outside the caldera system
(clockwise cell). Such fluid isolation might
reflect itself in differences in the type of
mineralization found in' the central regions
and more peripheral areas of the “caldera.”
Figure 3 makes the same point as Figure 2
while illustrating that surface pressure can be
taken at any value and that strong, fracture-
like permeability contrasts can be accounted
for in the modeling (a feature also shown in

* Omnmorto (1977) has suggested Kuroko deposits formed
in a submarine caldera setting. ..
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Fig. 3 Cooling history of an intrusive with a higher permeability fracture zone at its edge. Mass flux through the

fracture amounts to 200-300 kg/cm? in 100,000 years.

Fenn and CaTHLES, 1978). The surface pressure
in the case in Figure 3 is 200 bars, correspond-
ing to 2,000 m water depth. The intrusive is
half the size (1.5 km wide) of that in Figure 2
and is as permeable as the intruded formation
(0.25 millidarcies). There is a 250 m wide,
1.0 md permeability fracture extending up-
ward from the side of the intrusive. The inte-
grated mass flux (Fig. 3f) clearly reflects the
presence of the fracture even though its per-
meability is not large enough to dominate
the convective pattern in Figures 3b-e.
Within the 250 m wide fracture, ~200 kg of
hydrothermal solution have passed each cm?
of surface area—enough (at 1g Cu per
1,000 g solution) to produce a 3 wt.%, copper
ore shell ~25 m thick.

In summary Figures 1-3 show a Kuroko
deposit or groups of Kuroko deposits can be
easily formed by hydrothermal convection
caused by a reasonable sized intrusive. The
small rhyolite plugs found associated with
the deposits are too small to produce sufficient
convection. .

Other points can be made. In the cases
shown in Figures 1-3, the rate of fluid circula- -
tion is greatest in Figure 2 and even there is
always <57 g/cm®*-yr. This maximum mass
flux is immediately adjacent to the intrusive at
~7 km depth. Near the top surface (sediment-
water interface) the mass flux is ~5-10
g/cm?—yr.

A mass flux rate of 10 g/cm?-yr is equivalent
to an ocean current of ~3X1077 cm/sec.
Unless the ocean bottom is truly stagnant,
buoyant hydrothermal solutions could not
rise above the sediment-water interface without
being swept away. Since the oceans overturn
in ~ 1,000 years with water traveling ~ 15,000
km from the Antartic to the Arctic, the.
average bottom velocity is ~0.05 cm/sec.
This value is much much greater than the
convective value of ~3x1077 cm/sec. Thus
it is very unlikely Kuroko mineralization could
be precipitated above the sediment-water
interface. The mineralized solutions would
be swept away as soon as they left their
protective rock or sediment cover.
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Another point of possible interest can be
made if we focus on sediment permeabilities
in connection with near surface hydrothermal
fluid velocities of ~5 gfcm?~yr.

The hydrothermal fluid velocity will be
determined (in the models we have considered
so far) by buoyant forces produced by the
intrusive at depth and will be very little in-
fluenced by the permeabilitv of a thin sedi-
ment covering at the ocean-rock interface.
If the sediment cover is of low permeability
it can be lifted off the rock interface by the
hydrothermal convection. If this is done, or if
it is even substantially done, the sediments
will tend to slump down even a very gradual
slope. Kuroko mineralization, which for the
purposes of this discussion might be viewed
as chemical sedimentation, is sometimes found
in a folded, “slumped” condition (KAjiwARA,
1970).

The sediment permeability below which
easy slumping should occur can be estimated
by setting the pressure gradient produced
by a given (assumed) flow velocity and Darcy’s
law (g = (k'/v)vp) equal to the “lithostatic”
pressure gradient in a sedimentary layer

(pg). If

k' < 29
Pg
slumping is strongly promoted. Taking p =
kinematic viscosity of the hydrothermal solu-
tion = 107% cm?/sec, g = gravitational ac-
celeration = 10® cm/sec?, p = density of the
sediments = 2.7 g/cm?, ¢ = darcy mass flux =
5 glyr,
kK < 6x107* cm? = .06 millidarcies.

This value of sediment permeability is within
the range suggested by BryanT et al. (1974)
of 0.1-.001 md. The permeability of Kurcko
mineralization is unknown to the present
author, but could be measured in laboratory
or field. We can conclude at this point that
folded or slumped Kuroko ore is consistent
with and in fact expected from a genetic
model which proposes deep hydrothermal
convection and precipitation of low per-
meability ore “sediment” at or just below the
ocean bottom.

MiniNG GEOLOGV:

We have illustrated some of the constraints
or insights hydrodynamic considerations can
place on speculation concerning the formation
of Kuroko deposits. More detailed considera-
tion of the temperature of ore deposition could
constrain the permeability structure more
than we have done here. High temperatures
near the surface may require high permeability
fractures and faster convective flow, for ex-
ample. Also, we have considered only con-
vective overturn of sea water. It is possible
magmatic fluids were vented from intrusives
at depth. Magmatic venting and the mixing
of magmatic and sea waters during and after
venting can be accounted for by models
similar to those given above.

Our purpose in this paper is not to provide
an exhaustive set of models or model con-
straints, but simply to illustrate the kinds of
useful constraints hydrodynamic considera-
tions can impose on the possible origins of
Kuroko deposits. Rigorous interactions of
these and similar considerations with geological
and geochemical data and careful modeling
of particular Kuroko deposits or groups of
deposits is needed to advance such analyses
of Kuroko genesis beyond the speculative
stage. It would also be useful to make a
few measurements of the in situ permeability
in and near the deposits. This could be done
by standard transient well testing techniques

(see MatTHEwWs and Russerr, 1967;
EARLOUGHER, 1977).
Acknowledgments: The author would like

to thank Kennecott Copper Corporation for
support of the research reported in part in
this paper and for permission to publish. Dr.
R. McConnNeLL programmed the automatic
contouring and labeling routines and made
easy generation of publication grade diagrams
possible. The paper was stimulated for and
by a proposal put together by Dr. H. OumoTo
to study Kuroko deposits with a mul-
tidiciplinary group of scientists including
the author.

References

BryanT, W. R., DEFLACHE, A. P., and TraBaNT, P. K.
(1974): Consolidation of marine clays and car-



28(4), 1978

bonates. in Deep-sea Sediments: Physical and
Mechanical Properties, edited by A. L. INTER-
LoTzEN, Plenum, New York, 209 ~ 244.

CaTtHLES, L. M. (1977): An analysis of the cooling of -

intrusives by ground water convection which
includes boiling. Econ. Geol., 72, 804 ~ 826.

EarroucHER, R. C. (1977): Advances in well test
analysis. Monograph Vol. 5, Society of Petroleum
Engineers of AIME, Dallas.

Fenn, U. and Catares, L. M. (1978): Hydrothermal
convection at slow speading mid-ocean ridges.
Submitted to Tectonophysics.

IsuiuARA, S., ed. (1974): Geology of Kuroko Deposits,
Mining Geol. Special Issue, 6, 435 p.

Hydrodynamic Constraints on the Formation of Kuroko Deposits ) 265

Kanwara, Y. (1970): Syngenetic features of the Kuroko
ore from Shakanai mine. in T. Tatsumi, ed., Vol-
canism and Ore Genesis, Univ. Tokyo Press,
Tokyo, 197 ~ 206.

MatTHEWS, C. S. and Russell, D. G. (1967): Pressure
buildup and flow tests in wells. Society of Petroleum
Engineers of AIME, New York.

Onmoto, H. (1977): Submarine calderas: A Key to
the formation of massive sulfide deposits?. Geol.
Soc. Am. Abstracts with Programs, 9, #7, 1118 p.

RiBanpo, R. J., TorraNnce, K. E. and TurcorrtEe, D. L.
(1976): hydrothermal
circulation in the oceanic crust. J. Geophys. Res.,
81, 3007 ~ 3012.

Numerical models for

KATZED B 2 1= BALALRR ORI 1 B BB el

LM*FraLR

EE  REBROEBRICHEERMEE S X5 7ediT, KHF
O RS - e B R R EA TR b, BESRI K<
bbb ARMEEE 7T IR BEGEROERI & - T/H
ATEB. FoRVI, TVEHOLVRERBIREL
TOBENESE (Elcid<r<K) BPRETHD. BYL
Bbh s BKEEROBR R ERNTT 2MEOHER, B
ECOBROB/NEEL Y »RV/HEV. 2O LiF,

BHELERPEK EHEY (X3ER) OREMAEX
D LRI OB LE L LERETHTHAH.
Bk, AT LT Citfiihk-oTLED T
555, LB LR DBKREBEN L, BokiEBRD
HREBRPEOAT VYV TERIE®ETHSLH. WS
OPDBEERTHRLNBERAT L EVIIR, T0OX5IC
LTHBAEh S,



