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On the role of buoyancy force in the ore genesis of
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Finite element modeling on a highly conceptualized 2-D model of fluid flow and heat transport is un-
dertaken to simulate the paleo-hydrological system as if the Mount Isa deposits were being formed in
the Mount Isa basin, Northern Australia, and to evaluate the potential of buoyancy force in driving ba-
sin-scale fluid flow for the formation of sedimentary-exhalative (SEDEX) deposits. Our numerical case
studies indicate that buoyancy-driven fluid flow is controlled mainly by the fault penetration depth and
its spatial relation with the aquifer. Marine water recharges the basin via one fault and flows through the
aquifer where it is heated from below. The heated metalliferous fluid discharges to the basin floor via
the other fault. The venting fluid temperatures are computed to be in the range of 115 to 160°C, with
fluid velocities of 2.6 to 4.1 m/year over a period of 1 Ma. These conditions are suitable for the formation
of a Mount Isa-sized zinc deposit, provided a suitable chemical trap environment is present. Buoyancy
force is therefore a viable driving mechanism for basin-scale ore-forming hydrothermal fluid migration,
and it is strong enough to lead to the genesis of supergiant SEDEX deposits like the Mount Isa deposit,

Northern Australia.
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Sedimentary-exhalative (SEDEX) deposits are a major
source of lead and zinc, and an important source of sil-
ver. On the global scale, they account for about 40% of
zinc production and about 60% of lead production™.
Geological and sulphide paragenetic studies suggest that
this type of deposits may be formed by hydrothermal
exhalative processes of metal-bearing brines discharging
onto the basin floor. Despite this general understanding,
geologists continue to debate the mechanisms of fluid
migration, heat flow and mass transport for ore deposi-
tion.

Several factors have been deemed responsible for ba-
sin-scale fluid flow, including topography, compaction,
buoyancy, and deformation'?. Among these, buoyancy
driven flow is potentially of great importance because it
can lead to fluid flow and mass transport over large dis-
tances and significantly shorter time scales, compared
with diffusion alone. This is because diffusion results

from molecular collision, representing a micro-scale
process. In certain circumstances, buoyancy may be-
come even more important than other forces in enhanc-
ing hydrodynamic mixing of the dense fluid with the
less dense ambient groundwatert®!.

A buoyancy force results from variations in fluid den-
sity due to spatial and temporal changes in temperature
and salinity. Buoyancy driven fluid circulation is com-
monly termed free convection because of the lack of
external inputs and outputs'. The importance of this
type of fluid flow has long been recognized in
mid-ocean ridge hydrothermal systems®™®, seawater in-
trusion”®, and solute transport®*®!, Recently, buoyancy-
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driven free convection models become more popular as
one of the most likely hydrological scenarios for
SEDEX formation™™. For instance, Garven et al.*? in-
vestigated the likely role of free convective fluid migra-
tion in the formation of the HYC deposit. Their numeri-
cal results exhibit a dominant recharge-discharge pattern
controlled by syn-sedimentary faults and a subsurface
sandstone aquifer. Yang et al.*¥ simulated time-
dependent fluid flow and developed criteria for efficient
identification of potentially mineralizing discharge faults
in sedimentary basis, and more recently Yang et al.*
investigated the effect of salinity on ore-forming proc-
esses and fluid flow patterns.

The major aim of this paper is to evaluate whether
buoyancy driven fluid flow and heat transport was a vi-
able mechanism for the generation of SEDEX deposits.
This will be done in the subsequent sections by numeri-
cal simulations corresponding to a highly conceptualized
paleo-hydrological system pertinent to the genesis of
shale-hosted lead-zinc ores in the Mount Isa basin,
Northern Australia.

1 Governing equations and finite ele-
ment modeling

Mathematically, hydrothermal fluid flow in sedimentary
basins is governed by the fluid continuity equation and
thermal energy conservation equation, coupled through
Darcy’s law. Equations of state are also required to de-
fine the temperature- and pressure-dependence of fluid
density and viscosity. The fluid continuity equation can
be expressed in term of a freshwater hydraulic head™ for
the variable density fluid flow system. A detailed de-
scription of these equations can be found in the litera-
ture®®. If the porous medium is non-deformable and
there exists a thermal equilibrium between the fluid and
the solid matrix, the fluid continuity and thermal energy
conservation equations can be expresses as
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where qy, gy and g, are the Darcy flux components in the
X, ¥ and z directions, K the hydraulic conductivity, ¢ the

porosity, A, =A247? (iy and s denote the thermal

conductivity of the fluid and solid phase), c,, and ¢ the
specific heat capacity of the fluid and solid phase, oy
and ps the density of the fluid and solid phase, pr the
relative fluid density defined as pr=pwo0—1 (o is the
reference freshwater density), Ss the specific storage
(dependent on the fluid density and compressibility, rock
matrix compressibility, and porosity), t the time, h the
freshwater head and T is the temperature. These equa-
tions form a time-dependent, nonlinear and coupled sys-
tem, which leads to their solutions to become nontrivial
even for a very simple 1-D geological system.

In the numerical solution of these equations, we em-
ploy a standard Galerkin finite element method™®*").
Nonlinearities in the coupled equations are accommo-
dated by centering the nonlinear terms in time and iter-
ating the solution to a specified convergence tolerance.
In brief, starting with the initial temperature and fluid
flow conditions, we first update the fluid density and
viscosity using the latest temperature data from the pre-
vious time step; then determine the equivalent freshwa-
ter head distribution by solving the fluid continuity
equation; next calculate fluid velocity based on the
Darcy equation using the updated fluid properties and
equivalent freshwater head; and finally determine the
temperature distribution by solving the thermal energy
conservation equation. These iteration steps are repeated
and not allowed to move on to the next time levels until
the preset convergence criteria are satisfied. We adopt a
non-orthogonal quadrilateral mesh to create finite ele-
ments since it is better suited for the complex geometry
of different stratigraphic units and faults encountered in
sedimentary basins. Each element is assigned permea-
bility, porosity, thermal conductivity and other physical
parameters governing fluid flow and heat transport
based on the rock properties. The details of the compu-
tational method, both the principles and the schemes for
their implementation into finite element software, can be
found in our previous publications®®!,

2 Conceptual hydrological model

Figure 1 illustrates the 2-D paleo-hydrological model,
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which is constrained by some of the common features of
a sedimentary basin’s rift-and-sag phase, and in particu-
lar by the reconstructions of the Mount Isa basin, North-
ern Australia®®?”. It represents the highly conceptual-
ized and simplified subsurface stratigraphy and structure,
which controlled the hydrological system when the
Mount Isa SEDEX deposits were formed early in the
history of the Mount Isa basin. As shown in Figure 1(a),
the conceptual model involves a volcanic basement se-
guence of low permeability (Unit 4), a sandstone aquifer
of high permeability (Unit 3), a rift cover sequence of
intermediate permeability (Unit 2), and an upper cover
sequence of shales and siltstones (Unit 1) that hosts
mineral deposits formed during or soon after sediment
deposition. Two more permeable faults (Fault 1 and
Fault 2) are also included to penetrate from the upper

(a) Fault 1

ZOF

sequence into the basement. The faults are 1 km wide
and steeply west-dipping, which is constrained by sur-
face exposure and seismic profiling™. Grid discretiza-
tion of the faults can be found in Figure 1(b). Similar
general geological structure of the Mount Isa-McArthur
basin region has been also used in previous fluid flow
models*2 14182223 | jke in the previous studies?*%,
Fault 1 on the left is equivalent to the Mount Isa fault
system, and Fault 2 on the right simulates a fault zone to
farther north, such as the Termite Range fault at the
Century deposit. The conceptual model has a dimension
of 60 kmx20 km and is discretised by a 2-D non-
orthogonal quadrilateral mesh consisting of 52 element
columns and 19 rows (Figure 1(b)).

The two steeply-dipping faults cut the sandstone ag-
uifer (Unit 3), which forms a favorable hydrological
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Figure 1 (a) Highly simplified model of titled and submerged rift blocks associated with the formation of SEDEX deposits of the Mount Isa basin,
Northern Australia; (b) finite element mesh used in the 2-D fluid flow and heat transport modeling. See Table 1 for the hydrological and thermal properties
assigned to the faults and rock units.
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framework for regional-scale fluid flow. The permeabili-
ties and thermal conductivities assigned to the strati-
graphic elements and faults are given in Table 1, fol-
lowing the previous numerical investigations in the
Mount Isa-McArthur basin regiont**141822231 e as-
sume that the vertical permeability of the host rocks is
two orders of magnitude less than the horizontal one due
to bedded and stratified nature of these sedimentary
rocks. In addition, we assume c,=4174 J-kg™*-C?,
=800 J-kg*-C% 4,205 W-m™-°C™ p=2630
kg/m®, p=1000 kg/m?, and ¢=10%.

Table 1 Major physical parameters of the faults and host rocks
Thermal conduc-

Hydrological unit Horizontal Vertical perme-

- - 5 L 5 tivity
and formation  permeability (m9)  ability (m?) @-mtst.CY
Fault 4x107% 4x107 2.0
Unit 1 1x107% 1x107Y 2.0
Unit 2 2x107° 2x107Y 25
Unit 3 4x107™ 4x107¢ 3.0
Unit4 2x10716 2x107*8 3.0

The upper boundary beside the faults, maintained at
20°C following the previous numerical studiest? 4
is at the seafloor and permeable to fluid flow. Over the
top of the faults, the vertical temperature gradient is
fixed at zero. That is, the fluid is assumed to be isother-
mal near the top surface owing to fluid flow via the
faults. The lower boundary is maintained at 450°C, justi-
fied by present-day heat flow measurements in Northern
Australia (S. McLaren and M. Sandiford, personal
communication). The bottom of the model is assumed
impermeable since it lies within the deep volcanic
basement. The side boundaries are assumed to be adia-
batic to heat transfer and impermeable to fluid flow. The
initial fluid velocity is set to zero over the whole solu-
tion domain, and the initial temperature is assumed to
vary linearly with depth. In the following numerical case
studies, the faults’ penetration depth and boundary con-
ditions will be adjusted.

3 Numerical modeling results

The first case study corresponds to the reference condi-
tions specified above and given in Figure 1 and Table 1.
Figure 2 shows the temperature and fluid velocity dis-
tribution at different time levels. The modeling reveals
that the cold seawater penetrates downwards along Fault
2 and then flows laterally, mainly through the permeable
aquifer but with a little via the less permeable basement

sequence at depth. In the meantime, the fluid is heated
up from below. Basinal fluid with elevated temperature
ascends along Fault 1 driven by buoyancy force and ul-
timately discharges onto the seafloor where it could
form a SEDEX-type deposit like the Mount Isa deposit
adjacent to the Mount Isa fault. Two convection cells
also develop in the aquifer unit near the side boundaries,
which is likely due to the impermeable fluid conditions
assigned for the sides. Comparison of Figures 2(a) with
2(b) indicates that as time progresses, more cold sea-
water recharges into the basin and hence cools down the
system. As a result, the venting fluid temperature drops
from 240°C at a time of 55 ka to 160°C at 1 Ma, after
which the hydrothermal fluid flow system reaches a
steady state (i.e., temperature and fluid velocity no
longer vary with time). The venting fluid velocity at
steady state is 4.1 m/year.

The second case study considers the same conditions
as case 1, except that the faults have been sealed by the
uppermost cover sequence to test the concept that strati-
form lead-zinc deposits may form by replacement of
chemically favorable black shale units below
low-permeability cap rocks adjacent to major discharge
faults®®. As shown in Figure 3, no significant marine
fluids recharge down into the basin and no venting of
hydrothermal fluids at the seafloor. Fluid flow occurs
within the aquifer and along the faults to form three
20-km-scale hydrothermal circulation cells: one between
the faults and two close to the side boundaries. It is also
apparent from Figure 3(b) that significant hydrothermal
fluid moves laterally below the uppermost cap-rock
layer. Thus, the potential exists for shale-hosted, re-
placement-style, stratiform Zn deposits to form by this
mechanism if a chemically suitable rock type (e.g., or-
ganic-rich siltstone or reactive carbonate) is present.
However, the fluid flow rates and the fluid temperatures
are significantly less than case 1, suggesting that only
small and low grade deposits are likely to form by this
mechanism.

The third case study involves a scenario that Fault 1
only penetrates 10 km deep (reaching the aquifer only)
and Fault 2 remains the same as before (penetrating all
the way to the base of the model). All the other condi-
tions are kept the same as those in case 1. As illustrated
in Figure 4, numerical results for this model are very
similar to those for case 1 (refer to Figure 2(b) and (c)).
Again, Fault 1 behaves as the discharge pathway
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Figure 2 Case 1 corresponding to the reference conditions given in Figure 1 and Table 1. (a) Temperature contours at a time of 55 ka; (b) temperature
contours at a time of 1 Ma, after which the hydrothermal system reaches a steady state; (c) fluid velocity vectors at steady state.

and Fault 2 as the recharge pathway. However, the vent-
ing fluid temperature at the steady state in this case is
115°C, 45°C less than that in case 1. This is obviously
due to the fact that the discharge fault only penetrates 10
km deep and does not reach the volcanic basement at
bottom where temperature is very high. The venting
fluid velocity at the steady state is 2.6 m/year.

In the final case study, we assume both the faults to
penetrate only 10 km deep, and all the other conditions
remain the same as in case 1. Numerical results are
shown in Figure 5. It can be seen that unlike the previ-
ous scenarios, this hydrological model facilitates and
accommodates a ‘reversed’ recharge-discharge pattern of
hydrothermal fluid flow. Fault 1 now acts as the re-
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Figure 3 Case 2 corresponding to the condition that the faults have been sealed by the low-permeability uppermost cover sequence. (a) Temperature
contours at steady state; (b) fluid velocity vectors at steady state. Note the lack of fluid discharge onto the basin floor.

charge fault and Fault 2 as the discharge fault. Cold
seawater moves downwards from the seafloor along
Fault 1, and it becomes divergent when reaching the
aquifer. Little of the fluid migrates westbound and forms
a clock-wise convection cell to the left of the recharge
fault; however, most of the fluid travels laterally along
the permeable aquifer horizon towards the east side of
the model. In the meantime, the thermal energy gained
from the lower boundary heats up the fluid and eventu-
ally drives it to ascend along Fault 2 and discharge onto
the basin floor where it could form a SEDEX-type de-
posit. The venting fluid temperature and velocity via the
discharge fault at the steady state are 142°Cand 3.5
m/year, respectively.

4 Discussion and conclusions

Numerical experiments have been conducted in this
study in order to investigate the role of buoyancy force

in the formation of SEDEX-type deposits. The Mount
Isa basin in Northern Australia serves as the field setting.
Our numerical results corresponding to a highly con-
ceptualized hydrological system have revealed that the
interplay between active synsedimentary faults and clas-
tic aquifer units controls the basinal fluid flow and
hydrothermal discharge. Marine waters recharge the ba-
sin via one fault, move laterally through the clastic ag-
uifer unit where they are heated by the geothermal gra-
dient and leach metals, and then discharge to the surface
via the other fault. Convective cells are established,
based on the fault spacing and penetration depth. In all
of the first three case studies, Fault 1 acted as the dis-
charge conduit and Fault 2 as the recharge conduit.
However, when both faults only penetrate down to 10
km deep as discussed in the forth case study, a ‘reversed’
recharge-discharge pattern of hydrothermal fluid flow
developed. The factors causing this change are not fully
understood; nevertheless they are more likely controlled
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Figure 4 Case 3 corresponding to the condition that Fault 1 only penetrates 10 km deep and Fault 2 remains the same as shown in Figure 1. (a) Tempera-
ture contours at steady state; (b) fluid velocity vectors at steady state. Note the venting fluid temperature in this case is lower than that in case 1.

by the basin architecture and its spatial relation with the
faults (e.g., Yang et al.'®)). Although noticing the fact
that one fault behaves as the recharge conduit and the
other as the discharge conduit, or vice versa, we do not
intend to investigate the exact reasons leading to a cer-
tain recharge-discharge pattern of fluid flow. Rather, this
study aims at evaluating the potential of buoyancy force
in driving hydrothermal fluid flow associated with the
formation of SEDEX-type deposits.

All the numerical case studies described above have
confirmed that buoyancy force is indeed an effective and
efficient driving mechanism for basin-scale hydrother-
mal fluid flow. The critical question we need to address
is whether the fluid discharge velocities and tempera-
tures predicted by the model have the potential to form
world-class supergiant deposits, like the Mount Isa de-
posit. Our numerical results for different scenarios have
revealed that the venting fluid velocities range from 2.6

m/year to 4.1 m/year over a period of 1 Ma. This gives
rise to an average discharge fluid flux of about 300
m3/year per meter of fault strike (noticing the average
porosity is 10%). If the Mount Isa deposit formed from
fluid discharge from the Mount Isa fault along a fault
length of 2000 m, and the discharging fluids were car-
rying about 100 ppm Zn'®!, then the simulated venting
fluid has the capacity to form a deposit containing 60
million tonnes of Zn metal over the discharge period of
1 Ma, provided that all the zinc carried in the fluid is
precipitated upon exhalation to form the deposit. The
defined zinc metal resource of 1.57x10" t™ at the Mount
Isa deposit could be accounted for with a metal deposi-
tion efficiency of about 26%. Also given the temperature
constraint of the Mount Isa mineralization® %! and the
simulated thermal patterns stated above, cases 1, 3 and 4
seem to be favorable for the formation of a Mount
Isa-type ore body adjacent to a major fault system.
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Figure 5 Case 4 corresponding to the condition that both the faults only penetrate 10 km deep. (a) Temperature contours at a time of 55 ka; (b) fluid
velocity vectors at steady state. Note Fault 1 now acts as the recharge fault and Fault 2 as the discharge fault.

The numerical modeling studies presented here
therefore support the following final conclusion: buoy-
ancy force is an efficient and effective driving mecha-
nism for basin-scale fluid flow and heat transport, and it
is viable enough to give rise to the generation of super-
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