
Economic Geology 
Vol 9,3, 1998, pp. 896-910 

Basinal Fluid Flow Models Related to Zn-Pb Mineralization in the Southern Margin 
of the Maritimes Basin, Eastern Canada* 

GUOXIANG CHI • AND MARTINE M. SAVARD 

Geological Survey of Canada, Quebec Geoscience Centre, 2535 Boulevard Laurier, P.O. Box 7500, Sainte-Foy, Quebec, Canada GiV 4C7 

Abstract 

The carbonate-hosted Zn-Pb deposits in the Lower Windsor Group, Nova Scotia, are located along the 
southern margin of the Maritimes basin. Previous studies suggest that the deposits formed from basinal brines 
expelled from the basal part of the Maritimes basin (Horton Group), possibly related to tectonic events in 
late stages of the basin history, but it remains unclear where the specific source regions were and which 
mechanism is responsible for fluid expulsion from the source regions to the sites of mineralization. This paper 
presents two numerical models to address these problems. The first model, based on a stratigraphic profile 
ranging from the center to the southern margin of the Maritimes basin, simulates the distribution and evolution 
of fluid overpressures due to sediment compaction. The second model simulates the temperature distribution 
in a marginal sub-basin under the assumption that fluid flow was driven by topographic relief related to an 
uplift (highlands) proximal to the ore deposits. 

Modeling of fluid overpressure evolution indicates that, if the Horton Group sediments were laterally 
confined by basement highs or faults, fluid pressures approaching or exceeding loading pressures would be 
easily built up w4thin the Horton Group after deposition of the overlying Windsor evaporites. Strong overpres- 
sures in the Horton Group rocks are predicted not only in the central part of the Maritimes basin but also 
in shallower sub-basins close to the sites of mineralization. In contrast, if the Horton Group rocks are assumed 
to be laterally continuous across the Maritimes basin, fluid pressures in the Horton Group would remain near 
hydrostatic and strong overpressures would be built up only within the evaporite layer. In both cases, the 
geothermal gradients would not be significantly disturbed by the sediment compaction-driven fluid flow. 

Modeling of topography-driven flow indicates that the geothermal gradients are only slightly disturbed if 
rock permeabilities are inherited from the compaction model but could be strongly disturbed if higher 
permeabilities are assigned to the basal aquifer, and high-permeability zones (conduits) are assumed to cut 
through the evaporite layer and link the highlands (recharge area), basal aquifer, and discharge area. The 
temperature at the site of mineralization could be increased relative to the background temperature, but 
under steady-state conditions it could not have reached the ca. 250øC indicated by fluid inclusions in the 
deposits. Such high temperatures could be reached transiently if the conduits and basal aquifer had permeabili- 
ties higher than about 0.1 D. 

The numerical modeling results suggest that sediment compaction-driven fluid flow could not have been 
responsible for mineralization because it cannot satisfy the thermal conditions at the deposits. Topography- 
driven flow may satisfy the thermal conditions at the deposits under the assumption of high-permeability 
conduits and a l•asal aquifer. Whether or not such conditions existed in the southern margin of the Maritimes 
basin needs further study. Based on the modeling results of fluid overpressure development, we favor a model 
in which the main-stage ore-forming fluids were derived from the basal part of individual sub-basins proximal 
to the deposits and were driven by sudden release of overpressures, probably triggered by tectonic events. 
Topography-driven flow may have been dominant in the postore stage, i.e., after the dissipation of overpres- 
sures. This model agrees with other geochemical studies that indicate separate source regions for different 
deposits, high fluid flow rates, and involvement of lower salinity fluids after the main-stage mineralization. 

Introduction 

THE ORIGIN of the carbonate-hosted Zn-Pb-Ba deposits in 
the Lower Windsor Group in Nova Scotia, located along the 
southern margin of the Maritimes basin (Fig. 1), has been 
attributed to basinal brines expelled from the basal part of 
the basin fill (the Horton Group; e.g., Ravenhurst and Zentilli, 
1987; Ravenhurst et al., 1989; Sangster and Savard, 1994; Chi 
et al., 1998; Sangster et al., 1998; Savard and Kontak, 1998). 
However, it remains unclear where the specific soume regions 
were and how the fluids were expelled from the soume re- 
gions to the sites of mineralization. Two hydrodynamic mod- 
els have been previously proposed. One suggested that sud- 
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den release of overpressured fluids from the central (deepest) 
part of the Maritimes basin, about 100 to 150 km away from 
the ore deposits, was responsible for mineralization (the distal 
souree-overpressure model; Ravenhurst and Zentilli, 1987; 
Ravenhurst et al., 1989). The other model suggested that 
fluid flow was driven by topographic relief related to uplifts 
close to the deposits (<60 km) and implied that the ore- 
forming fluids originated from nearby sub-basins (the proxi- 
mal source-gravity model; Sangster and Savard, 1994). The 
key constraint on both models is the high fluid temperatures 
(ca. 250øC) indicated by fluid inclusions at the deposits, more 
than 100øC higher than the background temperatures in the 
host rocks (Chi et al., 1998). The distal souree-overpressure 
model can easily satisfy the thermal condition in the inferred 
soume region but faces the difficulty of maintaining overpres- 
sures to drive fluids across half the basin which is character- 
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Fro. 1. The scope of the Maritimes basin and its major structures (modified from St. Peter, 1993). Line A-B-C indicates 
the position of the model cross section shown in Figure 3. CCFS = Cobequid-Chedabucto fault system. 

ized by horst and graben structures. The proximal source- 
gravity model can satisfy the thermal condition in the source 
regions when a higher geothermal gradient is applied (Chi 
et al., 1998) but remains to be examined as to whether the 
fluids could be efficiently conveyed to the sites of mineraliza- 
tion with minimum temperature decrease. 

This paper presents two numerical models to address the 
fluid flow and source problems outlined above, using a nu- 
merical technique developed by Bethke (1985). The first 
model, based on a stratigraphic profile ranging from the cen- 
ter to the southern margin of the Maritimes basin, simulates 
the evolution of fluid pressure, temperature, and fluid flow 
rate during the sedimentation history of the basin. The pur- 
pose of this model is to see whether or not strong fluid over- 
pressures could have been built up in the Horton Group 
sediments by the time of mineralization, and how they might 
have been distributed (central part of the basin versus mar- 
ginal sub-basins). The second model is based on a strati- 
graphic profile ranging from an uplift (the Cobequid high- 
lands) to the site of a deposit (Gays River). This model as- 
sumes that fluid overpressures due to sediment compaction 
had been somehow dissipated by the time of mineralization 
and that fluid flow was driven by topographic relief imposed 
by the highlands. The purpose of this model is to evaluate 
whether or not topographic relief could have driven fluids 
from the sub-basins south of the highlands to the sites of 
mineralization without losing much heat, i.e., whether the 
high fluid temperatures in the deposits can be explained by 
topography-driven flow as proposed elsewhere (Garven and 
Freeze, 1984; Gatyen et al., 1993). The implications of the 
numerical modeling results on ore genesis will be discussed 
considering the geologic and geochemical characteristics of 
the deposits. 

Sedimentary and Tectonic History of the Maritimes 
Basin and Timing of Mineralization 

The Maritimes basin is a late Paleozoic intracontinental 

successor basin developed upon the Acadian basement. It 
occupies a large area (>250,000 km 2) in New Brunswick, 
Nova Scotia, Newfoundland, and the Gulf of St. Lawrence 
(Fig. 1) and comprises a thick (up to 12 km in the central part) 
sequence of Late Devonian to Early Permian continental and 
marine sediments (Fig. 2). 

From the Middle Devonian to early Vis6an, continental 
clastic sediments of the Fountain Lake (Middle to Late Devo- 
nian) and Horton (Late Devonian to early Vis6an) Groups 
(Ryan et al., 1991) were deposited, first, in fault-bounded 
basins, and then, as laterally extensive thin veneers in sag 
basins (Durling and Marillier, 1993). In this paper, we follow 
Howie and Barss (1975) and use the term Horton Group for 
all the rocks lying between the Acadian basement and the 
Windsor Group rocks. The lithology of the Horton Group 
varies from place to place. In the type section, the lower part 
of the Horton Group (the Horton Bluff Formation) consists 
of gray to brownish feldspathic conglomerate, quartzitic sand- 
stone, siltstone and shale, and rare, thin, lenticular limestone; 
the upper part of the Horton Group (the Cheverie Forma- 
tion) consists of red and gray, arkosic and feldspathic con- 
glomerate, red and minor gray sandstone, siltstone, and shale 
(Howie and Barss, 1975). A lithologic sequence reflecting the 
general profile of the Horton Group in the Maritimes basin 
was described by Kelley (1970, see Howie and Barss, 1975) 
as sandstone and conglomerate succeeded by siltstone, sand- 
stone, and shale, then by sandstone, siltstone, and conglomer- 
ate. A similar lithologic sequence was also described by Mar- 
tel and Gibling (1996) and Hamblin (1992) and was broadly 
reflected in the restored basinal-scale stratigraphic sections 
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times basin (compiled from Ryan et al., 1991 and St. Peter, 1993). 

of Howie and Barss (1975), where the Horton Group was 
divided into four layers: i.e., in ascending order, conglomer- 
ate, sandstone, shale, and siltstone. The lower two layers 
pinch out at basement highs or are bounded by faults, 
whereas the upper two layers are laterally continuous. Ac- 
cording to the isopach map of Howie and Barss (1975), the 
Horton Group is thickest (>4 km) in the central part of the 
Maritimes basin (around the Magdalen Islands) and generally 
becomes thinner toward the margin of the basin, but it can 
be fairly thick in some sub-basins in the southern margin of 
the basin, e.g., the River Denys sub-basin on Cape Breton 
Island (>3 km), and the St. Mary's sub-basin (maximum 
about 3.5 km; Murphy et al., 1994). 

In late Tournaisian time, a tectonic event, indicated by an 
unconformity or disconformity between the Horton Group 
and the overlying Windsor Group, affected part of the basin, 
resulting in folding, faulting, and erosion of the Horton Group 
rocks (St. Peter, 1993). From the early to late Vis6an, a se- 
quence of marine sediments that become the Windsor Group 
were deposited over the whole Maritimes basin area. At the 
beginning of this marine transgression, a thin layer of fine- 
grained limestone known as the Macumber Formation over- 
laid the Horton Group rocks. Locally, carbonate banks 
formed on top of basement highs (e.g., the Gays River Forma- 
tion). This carbonate unit was succeeded by a thick sequence 
of evaporites with intercalated carbonates developed in a shal- 
low, fluctuating, marine environment. With the gradual with- 
drawal of the Windsor sea, a sequence of clastics and carbon- 
ates with increasing continental components was deposited. 
According to the isopach map of Howie and Barss (1975), 

the Windsor Group is generally thickest in the central part of 
the Maritimes basin (>5 km) and becomes gradually thinner 
toward the margin of the basin. 

From the late Vis6an to late Westphalian, sedimentation 
took place in continental environments and was mainly con- 
centrated in depoeenters. This was partly responsible for the 
complexity and variety of stratigraphic divisions and the no- 
menclature of the post-Windsor strata. In this paper, we use 
the nomenclature of Ryan et al. (1991) which was based on 
detailed stratigraphic studies in the Cumberland sub-basin. 
From the late Vis•an to late Namurian, sedimentation was 
fairly slow; sediments (belonging to the Mabou Group, pre- 
viously the Canso Group) were mainly fine-grained sandstone 
and mudstone. In late Namurian time, a tectonic event took 
place, as indicated by an uneonformity or disconformity be- 
tween the Cumberland Group and older rocks (St. Peter, 
1993). From the late Namurian to Westphalian C, some areas 
were subject to rapid uplifting, resulting in highlands (e.g., 
the Cobequid highlands) and adjacent depoeenters (e.g., the 
Cumberland sub-basin). Sedimentation was so rapid in some 
depoeenters that trees were preserved in upright position 
(Howie and Barss, 1975). The sediments of this period belong 
to the Cumberland Group, which includes, at its base, sedi- 
ments previously assigned to the Riversdale Group, and at 
its top, part of the sediments previously assigned to the Pietou 
Group (Ryan et al., 1991). The lithology varies from pebble 
and boulder conglomerate, to sandstone, to mudstone, and 
to coal seams. Large-scale detachment faulting, as docu- 
mented by Lynch and Tremblay (1994) on Cape Breton Is- 
land, probably took place in this period. On the other hand, 
compressional strnetures probably developed in some parts 
of the basin (e.g., the Athol syncline in the Cumberland sub- 
basin, Reed et al., 1993). 

Between Westphalian C and D, a major tectonic event is 
indicated by an uneonformity or disconformity between the 
Pietou Group and preexisting rocks (St. Peter, 1993). Strong 
deformation took place along master faults (e.g., the Cobe- 
quid-Chedabueto fault system, see Fig. 1) and adjacent areas. 
From Westphalian D to the Early Permian, a sequence of 
nonmarine conglomerate, sandstone, shale, and coal seams 
belonging to the Pietou Group was deposited. It represents 
a transgressive sequence which spreads laterally over all older 
rocks except in its later stage. 

The Zn-Pb-Ba deposits on the southern margin of the Mar- 
itimes basin are hosted by the carbonate rocks of the Lower 
Windsor Group (the Macumber Formation and equivalent 
Gays River Formation). All the deposits are epigenetic, com- 
prising replacement and open-space-filling ores, i.e., they 
were formed after the host rocks (Vis•an) (Graves and Hein, 
1994). Whole-rock 39Ar/4øAr dating of one of the deposits, 
Gays River, indicates a mineralization age of 297 __ 27 Ma 
(Kontak et al., 1994). This age is broadly consistent with 
earlier estimates by a palcomagnetic method (300-320 Ma, 
Pan et al., 1993) and by the fission-track method on zircon 
as well as the K-Ar method on clays (ca. 320 Ma, Ravenhurst 
et al., 1989). Clay samples separated from Horton rocks at 
Upper Brookside (near the Cobequid-Chedabueto fault sys- 
tem) gave an Rb-Sr isoehron age of 300 __ 6 Ma (Ravenhurst 
et al., 1989), which is interpreted to be the age of basinal 
brine flow related to mineralization (Ravenhurst et al., 1989). 



FLUID FLOW MODELS FOR MINERALIZATION, MARITIMES BASIN, E. CANADA 899 

This age, and the age of the Gays River deposit, broadly 
coincides with the tectonic event indicated by the unconfor- 
miry between Westphalian C and D (ca. 307 Ma). The other 
deposits have not been dated, but they may be related to the 
tectonic events in the late Carboniferous and may have ages 
similar to those of the Gays River deposit. 

Modeling of the Distribution and Evolution 
of Fluid Overpressure 

Model representation of the basin cross section 
The modeling of fluid pressure requires the establishment 

of a physical model describing basin geometry, lithologies, 
and sedimentation rates. We have used a two-dimensional 

model (Fig. 3) which starts at the center of the Maritimes 
basin (near the Magdalen Islands in the Gulf of St. Law- 
rence), extends southwestward to the Cobequid highlands, 
then turns southward, and ends near the Gays River deposit 
(line A-B-C in Fig. 1). The model cross section is mainly 
based on a series of isopach maps and restored stratigraphic 
sections of Howie and Barss (1975), with the post-Windsor 
divisions being modified according to the nomenclature of 
Ryan et al. (1991). Modifications were also made for the 
southern part of the section by taking into consideration the 
stratigraphic data of Giles and Boehner (1982) and Murphy 
et al. (1994). One of the uncertainties about this profile is 
that different parts of the basin, separated by major faults, 
may have moved with respect to each other during and after 
the formation of the basin. For example, Keppie (1982) esti- 
mated that the Cobequid-Chedabucto fault system south of 
the Cobequid highlands (Fig. 1) probably underwent a dextral 

A B C 

WND-2: Windsor Gr., Middle 
80% evaporite + 20% limestone 

PCT: Pietou Gr. WND-I: Windsor Gr., Lower 
45% sand + 55% shale 95% limestone + 5% shale 

CBL: Cumberland Gr. HTN-3: Horton Gr., Upper 
70% sand + 30% shale 90% sand + 10% shale 

MB: Mabou Gr. HTN-2: Horton Gr., Middle 
40% sand + 60% shale 50% sand + 50% shale 

WND-3: Windsor Gr., Upper HTN-I: Horton Gr., Lower 
90% sand + 10% shale 95% sand + 5% shale 

F•c. 3. Model cross section used in modeling the distribution and evolu- 
tion of fluid overpressures during the sedimentation history of the Maritimes 
basin (the positions of A, B, and C are shown in Fig. 1). The thicknesses of the 
various units are based on a series ofisopach maps and restored stratigraphic 
sections of Howie and Barss (1975), with modifications being made for the 
southern part of the section by taking into consideration the stratigraphic 
data of Giles and Boehner (1982) and Murphy et al. (1994). The lithologic 
approximations of the units are based on stratigraphic data of Howie and 
Barss (1975), Hacquebard (1986), Martel and Gibling (1996), Lavoie (1994), 
and Ryan and Boehner (1994). The section shown is that in Early Permian 
times. 

movement of approximately 165 km during the late Westpha- 
lian to Permian Hercynian orogeny, and a sinistral movement 
of about 75 km during the Triassic. This means that the block 
south of the Cobequid-Chedabucto fault system was situated 
90 km east of its present position before the dextral move- 
ment along the fault was moved westward (relative to the 
block north of the fault) to 75 km west of its present position 
by the end of the dextral movement, and then was moved 
eastward to its present position during the Triassic. The tim- 
ing and scale of these movements, however, are not well 
constrained by stratigraphic data (Keppie, 1982), and it is 
difficult to trace the relative position between the blocks 
north and south of the Cobequid-Chedabucto fault system 
through time. In particular, the position of the ore deposits 
relative to the block north of the fault at the time of mineral- 
ization is difficult to determine because the mineralization 

possibly took place during the inferred dextral movement 
along the fault system. Therefore, the present-day position 
(line A-B-C in Fig. 1) is used in the construction of the model 
cross section. This simplification, however, does not change 
the overall structures in this part of the Maritimes basin. 
Given the structural complexity of the basin, no single cross 
section can comprehensively represent the variation of basin 
geometry and lithologies in all directions, and the model sec- 
tion was constructed in the spirit of outlining the most im- 
portant sedimentary and structural features of the southern 
part of the Maritimes basin. 

The Horton Group is divided into three hydrogeologic 
units. The lower unit corresponds to the conglomerate and 
sandstone layers in the cross sections of Howie and Barss 
(1975) , the middle unit to their shale layer, and the upper 
unit to their siltstone layer. The lower unit of the Horton 
Group pinches out at basement highs. The Windsor Group 
is also divided into three units in the model profile: a lower 
unit representing the first marine carbonates (the Macumber- 
Gays River Formations), a middle unit comprising mainly 
evaporites, and an upper unit comprising mainly siltstone. 
For the rest of the stratigraphy, each group (Mabou, Cumber- 
land, and Pictou) is represented by a single hydrogeologic 
unit. The lithologic approximations of each unit, based on 
stratigraphic data of Howie and Barss (1975), Hacquebard 
(1986), Lavoie (1994), Ryan and Boehner (1994), and Martel 
and Gibling (1996), are presented in Figure 3. No lateral 
variations in lithology were considered within individual 
stratigraphic units in the model. The absolute ages of group 
boundaries, shown in Figure 2 and used for calculating sedi- 
mentation rate, were mainly adopted from St. Peter (1993). 

Governing equations and numerical procedures 
The spatial distribution and temporal evolution of fluid 

pressure, temperature, and fluid flow velocity during sedi- 
mentation and compaction were obtained by numerically 
solving the medium continuity, fluid continuity, and heat con- 
servation equations (eqs A1-A3, Appendix) described by the 
mathematical model of Bethke (1985, 1986). The model cross 
section was broken up into a series of nodal blocks which are 
described in terms of a curvilinear coordinate system: the x 
coordinate is parallel to the bedding and the z coordinate is 
vertical. The governing equations were converted to a finite 
difference form in the curvilinear coordinate system and 
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solved for each nodal point in the center of a nodal block. 
The numerical solution procedure used in this study is similar 
to that described by Bethke (1985), except that the alternating 
direction implicit (ADI) method (see Jaluria and Torrance, 
1986) is used instead of the band matrix direct method. The 
ADI method gives rise to tridiagonal matrices for the two 
alternating directions and the computation scheme is very 
efficient. The source code was written in FORTRAN and run 

on a PC-486 computer. Application of the source code to 
simplified problems shows excellent agreement between nu- 
merical results and analytical solutions (Kakac and Yener, 
1985). The source code was also tested against the model of 
Bethke (1985), whose program BASIN2 has been widely used 
in petroleum applications (e.g., Harrison and Summa, 1991; 
Kaufman, 1994). The two sets of results compare very well. 

The numerical solution starts with the following initial con- 
ditions: a layer of Horton Group sediments (<600 m) is in a 
hydrostatic state (i.e., overpressure = 0; definition of over- 
pressure is given in eq. A4 in the Appendix) and the tempera- 
ture is controlled by heat conduction. A thin layer of sediment 
is added to the top of previous sediments with each time step, 
and all sediments subside according to the rule described by 
the medium continuity equation. For a given time step, the 
medium continuity equation is first solved to obtain the set- 
fling velocities and porosities of the medium, which are then 
used to solve the fluid flow equation to obtain fluid overpres- 
sures. Since porosity is dependent on effective depth, which 
is in turn dependent on fluid overpressure (see below), the 
medium continuity equation has to be recalculated by using 
the last overpressure values. Iteration between the medium 
continuity and fluid flow equations continues until the poros- 
ß -- k+l k k+l -3 -- 
•tyvalues are convergent (l(•b -•b )/4• I/<10 ). The nu- 
merical solution then proceeds to solve the heat transfer 
equation to obtain temperature values. When all three equa- 
tions are solved, a new time step starts, and so on. A new 
layer of nodal blocks is created when a target thickness is 
reached. A total of 1,360 time steps and 71 layers of nodal 
blocks were used in the calculation. With 15 vertical grid lines 
(20 km apart from each other; see Fig. 3), this corresponds to 
a total of 1,065 finite difference nodal blocks. 

Rock and fluid properties and boundary conditions 
Rock and fluid properties used in numerical calculations 

are listed in Table 1. Because the compositional evolution of 

the fluid is not modeled, the fluid is approximated by fresh 
water for simplicity. The viscosity, coefficient of thermal 
expansion, coefficient of compressibility, heat capacity, and 
heat conductivity of the fluid were all assumed to be constant, 
and the density of the fluid was approximated as a function 
of temperature and pressure (Bethke, 1985). The density, 
heat capacity, and thermal conductivity of the solid matrix 
were assumed to be constant (Bethke, 1985; Garven, 1985). 
The enthalpy of the fluid was approximated by heat capacity 
multiplied by temperature based on the data compiled by 
Phillips et al. (1981). The thermal conductivity of the fluid- 
saturated medium was calculated as the geometric mean of 
the solid matrix and the fluid (Raffensperger and Garven, 
1995). Porosities (•b) of sediments are calculated as a function 
of effective depth (ze): 

0 = 0o e-zeb + 0• (1) 

where •bo is porosity at deposition, •b• is irreducible porosity, 
and b is an empirical parameter (Kaufman, 1994). The effec- 
tive depth (ze) is defined as: 

(b - (bsc 
(2) z e = z -- (Psm -- pw)g 

where z is depth, ß is fluid overpressure, sc denotes surface 
conditions, pw and Psm are constant densities of water and 
water-saturated sediments, respectively, and g is gravity 
(Bethke, 1985; Harrison and Summa, 1991). Permeability is 
related to porosity by the expression: 

log kx-- A4• + B (3) 

where kx is horizontal permeability, and A and B are lithology- 
dependent constants (Bethke, 1985; Harrison and Summa, 
1991; Kaufman, 1994)ß The lithology-dependent constants •b0, 
•b•, b, A and B, as well as the ratios of horizontal to vertical 
permeabilities which are used in this study, are listed in Table 
2. The parameters for the porosity-effective depth relation 
(eq. 1) are adopted from Kaufman (1994)ß They differ from 
those used by Harrison and Summa (1991) in that an irreduc- 
ible porosity is assumed. Since sediment compaction is mod- 
eled as an irreversible process in this study, i.e., porosity, 
once reduced, will not increase when fluid overpressure in- 
creases, the assumption of an irreducible porosity is pre- 
ferred. A sensitivity study indicates that the use of the porosity 

T•,BLE 1. Rock and Fluid Properties Used in Numerical Calculations 

Property Value Reference 

Fluid 

Density p = 1.0 X 10 +a exp [/3P - a(T - 25)] (kg/m a) (1) 
Viscosity /z = 1.0 x 10 -a (kg/m/s or Pa' s) (1) 
Thermal expansion coefficient a = 5.0 X 10 -4 (/øC) (1) 
Compressibility coefficient /3 -- 4.3 x 10 -•ø (m' s2/kg or/Pa) (1) 
Heat capacity Cf = 4.2 X 10 +a (J/kg/øC) (1) 
Heat conductivity Kf = 0.63 (W/m/øC) (2) 

Solid matrix 

Density Pr = 2.7 X 10 +a (kg/m a) (1) 
Heat capacity Cr = 0.84 x 10 +a (J/kg/øC) (1) 
Heat conductivity Kr = 2.5 (W/m/øC) (2) 

References: (1) Bethke (1985); (2) Garven (1985). 



FLUID FLOW MODELS FOR MINERALIZATION, MARITIMES BASIN, E. CANADA 901 

TABLE 2. Constants Related to Porosity and Permeability Calculations 

Lithology &0 &• b A B kx/k, 

Sandstone 0.40 0.10 0.50 15 -3 2.5 
Shale 0.55 0.05 0.85 8 -8 10 
Platform limestone 0.40 0.05 0.55 6 -4 2.5 
Reef limestone 0.40 0.10 0.55 15 -3 2.5 

Evaporites 0.50 0.05 10.00 8 - 8 10 

* b is in km -•, permeability calculated from A and B is in darcies 

parameters of Harrison and Summa (1991) tends to produce 
slightly higher fluid overpressures. The parameters for the 
permeability-porosity relation (eq. 2) are adopted from Har- 
rison and Summa (1991) for sandstone and shale, which are 
based on porosity and permeability data for the Gulf of Mex- 
ico basin, and from Kaufman (1994) for limestones and evapo- 
rites. The ratio of horizontal to vertical permeabilities for 
evaporites is assumed to be the same as that for shale. Varia- 
tional studies indicate that fluid overpressure values are insen- 
sitive to sandstone permeability but are sensitive to shale 
and evaporites permeabilities (see also Harrison and Summa, 
1991). Since we have not considered the influence of dehy- 
dration of clay minerals and probably gypsum (Ravenhurst 
and Zentilli, 1987) on fluid overpressures, the parameters 
listed in Table 2 are probably conservative. Porosities of 
mixed rock types were calculated as an arithmetic mean of 
the porosities of the end members. Vertical permeabilities 
were calculated using a harmonic mean for all lithologic com- 
binations (Harrison and Summa, 1991). Horizontal perme- 
abilities were calculated in two ways in conjunction with dif- 
ferent pinch-out assumptions (see later): as a geometric mean, 
and as an arithmetic mean for all lithologic combinations 
except for the middle unit of the Windsor Group (geometric 
mean). 

The basement heat flux used in the model (110 mW/m 2) 
is inferred from palcogeothermal gradients (most likely > 
65øC/km) near the time of mineralization (Chi et al., 1998). 
This value is very high in comparison with that of most sedi- 
mentary basins but is possible for the tectonic regime of the 
Maritimes basin (Chi et al., 1998). In addition, it has been 
kno•vn that many of the Devonian age granites in Nova Scotia, 
e.g., the South Mountain batholith (Chatterjee and Mueeke, 
1982) south of the Marltimes basin, are high heat production 
granites. Such granites, if present in the basement under- 
neath the Marltimes basin, could have been an important 
heat soume. In fact, a higher palcogeothermal gradient 
(>80øC/km) has been indicated by the vertical variation of 
vitrinite reflectance (Ro) values along a deep drill core in 
the center of the Shubenaeadie sub-basin (Y. H•roux, pers. 
eommun., 1996). Given the structural complexity of the re- 
gion, lateral variation of basement heat flux is possible, but 
this cannot be evaluated at a basinal scale. A basement heat 

flux of 110 mW/m 2 is therefore used throughout the section. 
The upper boundary of the model was the sedimentation 

surface which is assumed to remain at constant elevation. 

Sedimentation rates during a spedfie period of time were 
calculated from the thicknesses of uneompaeted sediments 
divided by the time duration. The thicknesses of un½om- 
paeted sediments are approximated by the thicknesses of the 

strata multiplied by 1.6, which are reduced to the thicknesses 
of the strata after compaction simulation. The sedimentation 
rates for each location (i.e., vertical grid lines in Fig. 3) of 
the model section, calculated for five time periods corre- 
sponding to sedimentation of the Horton, Windsor, Mabou, 
Cumberland, and Pietou Groups, are listed in Table 3. Un- 
conformities are assumed to be of short duration relative to 
the duration of sedimentation and are not considered in the 
model. 

The fluid overpressure and temperature at the upper 
boundary were maintained at zero MPa and 25øC, respec- 
tively. The center of the basin (left boundary, Fig. 3) was a 
symmetry plane (no flow, insulated boundary). The southern 
edge of the basin (right boundary, Fig. 3) was kept at hydro- 
static potential and constant temperature gradient. The lower 
boundary of the model was the basin-basement contact which 
was assumed to be impermeable and heated by the spedfled 
heat flux. 

The pinch-outs of the Horton Group were approximated 
by assigning very small thicknesses to them. Two situations 
were considered in the model: one is that the lower unit of 

the Horton Group was laterally confined by basement highs 
or faults, and the other is that the entire Horton Group rocks 
were laterally continuous throughout the basin. The pinch- 
outs were given evaporites permeability values for the first 
situation and normal (sand + shale) permeability values for 
the second situation. These two situations probably represent 
extremes which may deviate from reality; the lower part of 
the Horton Group may not have been regionally continuous 
given the horst-graben strnetures, neither was it completely 
confined due to various possible leaking processes such as 
hydrofracturing. Transient hydrofracturing and healing (ee- 
mentation) processes (e.g., Dewers and Ortoleva, 1994) were 
not numerically modeled in this study due to many uncertain- 
ties regarding these processes. 

Results of hydrodynamic calculations 
Calculations were made for the two different Horton 

Group configurations outlined above: (1) the lower unit of 
the Horton Group was laterally confined by basement highs 
or faults, with the pinch-outs being given evaporite perme- 
ability values, and (2) the entire Horton Group rocks were 
laterally continuous throughout the basin, with the pinch- 
outs being given normal permeability values. In the first case, 
horizontal permeabilities of mixed rock types were calculated 
as a geometric mean, and in the second case, horizontal per- 
meabilities were calculated as an arithmetic mean for all litho- 

logic combinations except for the middle unit of the Windsor 
Group (geometric mean). 

The calculation results are presented in Figures 4 to 6 and 
are described for the two cases described above separately. 

Confined Lower Horton Group model: In this case, the 
pinch-outs of the lower unit of the Horton Group are given 
evaporite permeability values. Fluid overpressures within the 
lower unit of the Horton Group in the central part of the 
basin increased tremendously from the end of Horton sedi- 
mentation (348 Ma) to the end of Windsor sedimentation 
(336 Ma), slightly decreased during Mabou sedimentation 
(336-317 Ma), and then slightly increased during Cumber- 
land and Pictou sedimentation (317-280 Ma; Fig. 4A). Strong 
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TABLE 3. Sedimentation Rates (cm/yr) during Different Periods of Time of the Maritimes Basin 

Locality Horton Group Windsor Group Mabou Group Cumberland Group Pictou Group 
(grid line*) (367-348 Ma) (348-336 Ma) (336-317 Ma) (317-307 Ma) (307-280 Ma) 

1 2.954 X 10 -2 6.518 x 10 -.2 1.137 x 10 -3 8.496 x 10 -3 1.446 x 10 -3 
2 3.212 x 10 -`2 5.601 x 10-.2 1.895 x 10 -3 1.318 x 10 -.2 2.169 x 10 -3 
3 3.468 x 10 -2 5.703 x 10-.2 2.316 x 10 -3 1.122 x 10-.2 1.446 x 10 -3 
4 3.596 x 10-.2 5.601 x 10-.2 2.602 x 10 -3 1.336 x 10-`2 1.807 x 10-`2 
5 3.404 x 10-`2 5.194 x 10-.2 3.183 x 10 -3 1.954 x 10-.2 2.999 x 10 -3 
6 3.276 x 10 -.2 4.889 x 10-.2 3.789 x 10 -3 2.622 x 10-`2 4.338 x 10 -3 
7 3.043 x 10 -2 4.074 x 10-.2 4.337 x 10 -3 3.934 x 10-`2 7.230 x 10 -3 
8 3.075 x 10-.2 3.258 x 10-.2 5.777 x 10 -3 4.563 x 10-`2 7.953 x 10 -3 
9 2.920 x 10-.2 2.751 x 10-.2 6.939 x 10 -3 4.978 x 10-.2 8.314 x 10 -3 

10 1.799 x 10-.2 4.074 x 10-.2 5.777 x 10 -3 2.514 x 10-.2 2.892 x 10 -3 
11 1.285 x 10-.2 1.284 x 10-`2 3.183 x 10 -3 2.202 x 10-.2 3.615 x 10 -3 
12 5.053 x 10 -3 6.678 x 10 -3 8.421 x 10 -4 8.000 X 10 -4 2.963 x 10 -4 
13 2.105 X 10-.2 1.002 X 10-`2 1.154 X 10 -3 1.440 X 10-`2 2.892 X 10 -3 
14 1.684 X 10-.2 9.739 X 10 -3 1.095 X 10 -3 1.120 X 10-`2 2.370 X 10 -3 
15 4.211 X ]0 -4 9.043 x 10 -3 1.095 x 10 -3 1.120 x 10-`2 2.370 x 10 -3 

* Grid lines are counted from left to right in Figure 3 

overpressures were also built up within the evaporites layer 
of the Windsor Group (Fig. 4A). In the sub-basin on the fight 
side of the model, significant overpressures within the Horton 
and Windsor Groups were not built up until during Cumber- 
land sedimentation (between 317 and 307 Ma), which then 
persisted to the end of Pictou sedimentation (280 Ma). Fluid 
flow was generally slow throughout the basin during the entire 
sedimentation history and was mainly confined in high-per- 
meability zones, i.e., the upper unit of the Horton Group, 
the lower and upper units of the Windsor Group, and the 
Cumberland Group (Fig. 4B). Maximum horizontal and verti- 
cal fluid flow velocities (at the end of Windsor deposition) are 
15.9 and 0.42 cm/yr, respectively (Fig. 4B). The temperature 
distribution was only slightly disturbed by fluid flow (Fig. 4B). 

The evolution and distribution of fluid overpressures are 
further illustrated by mapping the fluid pressure/loading pres- 
sure ratios (X) across the section (Fig. 5A). From 348 to 317 
Ma, X values are less than 1.0. High X values approaching 
1.0 are mainly distributed in the lower unit of the Horton 
Group and in the evaporite layer of the Windsor Group. X 
values higher than 1.0 are found near the basement high 
and within the sub-basin during Cumberland sedimentation 
(between 317 and 307 Ma), which then persisted to the end 
of Pictou sedimentation (280 Ma). Obviously, X values higher 
than 1.0 cannot be maintained for a long time, because hydro- 
fracturing will take place when fluid pressure exceeds the 
least compressive stress plus the tensile strength of the rock 
(Hubbert and Willis, 1957). The modeling of fluid overpres- 
sure evolution including hydrofracturing requires coupled nu- 
merical solution of governing equations describing sediment 
compaction (fluid pressure building up) and hydrofracturing 
(fluid pressure dissipation) as well as sealing (fluid pressure 
re-building up) processes (Dewers and Ortoleva, 1994), the 
latter involving many physical and chemical aspects which 
are still not well understood. For this reason, hydrofracturing- 
sealing processes are not included in our model. 

The contrast of fluid overpressure development in the 
lower unit of the Horton Group between the central part 
of the basin and the marginal sub-basin is highlighted by 
comparing their pressure-depth profiles (Fig. 6A and B). In 

the central part of the basin (Fig. 6A), significant fluid over- 
pressures in the lower unit of the Horton Group were devel- 
oped during Windsor sedimentation (348-336 Ma) and per- 
sisted afterward. In the marginal sub-basin (Fig. 6B), signifi- 
cant overpressures in the lower unit of the Horton Group, 
as well as fluid pressures exceeding lithostatie values in the 
evaporite layer of the Windsor Group, were developed during 
Cumberland sedimentation (317-307 Ma) and persisted af- 
terward. 

Unconfined Lower Horton Group model: When the lower 
unit of the Horton Group is assumed to be laterally continuous, 
the temperature distribution is not significantly disturbed, since 
in the confined model the distribution of overpressure is mark- 
edly different. As shown in Figure 5B, X values are always 
lower than 1.0 (i.e., fluid pressures are lower than the loading 
pressures) throughout the basin during the entire sedimenta- 
tion history. X values approaching 1.0 are always found within 
the evaporites layer of the Windsor Group. This is more clearly 
illustrated in Figure 6C and D. Fluids in the Horton Group 
were not overpressured at all, either in the central part of the 
basin or in the marginal sub-basin. 

Topography-Driven Flow: Model and Results 
Topography-driven flow was modeled assuming that fluid 

overpressures due to sediment compaction had been dissi- 
pated before the establishment of the topography-driven flow 
system. Our model takes into account only the sub-basin 
south of the Cobequid highland (Figs. i and 3). The Cobe- 
quid highland is considered as a hydrologic divide and consti- 
tutes the left boundary of the model, i.e., fluid does not flow 
across this highland. The basement geometry and stratigraphy 
of the model is the same as the compaction model for the 
age of 300 Ma, but smaller spacing between vertical grid lines 
is used (i.e., 16 vertical grid lines spaced at 4 km apart). 
The boundary conditions are similar to those used in the 
compaction model except that hydraulic potential on the sur- 
face is set to a value corresponding to a given topographic 
height on the left side and gradually decreases to zero on the 
right side. Fluid flow velocities in a topography-driven model 
depend on permeabilities and the magnitude of topographic 
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Fig. 4. Distribution and evolution of fluid overpressures (A), temperature profile and fluid flow velocities (B), for the 
case where the lower part of the Horton Group was laterally confined by basement highs. Fluid flow vectors (arrows) are 
plotted by using the same scale of vertical exaggeration as the cross section (15:1), so that they indicate the real direction 
of fluid flow. The maximum horizontal and vertical flow velocities (Vx and vz) indicated in the figure have been converted 
from curvilinear to Cartesian coordinates. Vzm is the settling velocity of the solid medium. 

relief (Garven and Freeze, 1984). Because none of these 
parameters are known here with certainty, we arbitrarily as- 
sumed a topographic relief of 750 m between the recharge 
area (the Cobequid highlands) and the discharge area (the 
Gays River deposit), and the uncertainty in fluid flow veloci- 

ties was then accounted for by varying permeabilities of as- 
sumed conduits (see similar reasoning in Bethke, 1986). Also, 
because the uplifting rate of the Cobequids is not known with 
certainty, we first modeled the topography-driven flow as a 
steady-state problem (Garven, 1985; Bethke, 1986), and then 
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F•G. 5. Distribution and evolution of fluid pressure/loading pressure ratios (k). Loading pressure is calculated by 
assuming a density of 2.3 g/cm 3 for the fluid-saturated rocks. A. The lower unit of the Horton Group is assumed to be 
laterally confined by basement highs. B. The lower unit of the Horton Group is assumed to be laterally continuous. 

present a transient model (Garven et al., 1993). Five different 
permeability configurations (eases A-E, see below)have been 
considered with the aim to achieve optimum high tempera- 
tures in the discharge area. A basement heat flux of 110 mW/ 
m s, as in the compaction model, is assumed. A higher heat 
flux of • 140 mW/m (model D) has been also tried. The models 
and calculation results are described below. 

Steady-state models 
Case A: Permeability values computed in the compaction 

model were used without modification. This model does not 

consider high-permeability zones transecting strata (faults) 
and gives a minimum estimate of the effect of topography- 
driven flow on the temperature distribution. The calculation 
results indicate that temperature gradients near the surface 
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FIG. 6. Fluid pressure-depth profiles. A. In the central part of the Maritimes basin, the lo•ver unit of the Horton Group 
is laterally confined by basement highs. B. In the marginal sub-basin, the lo•ver unit of the Horton Group is laterally 
confined by basement highs. C. In the central part of the Marltimes basin, the Io•ver unit of the Horton Group is laterally 
continuous. D. In the marginal sub-basin, the lo•ver unit of the Horton Group is laterally continuous. 

were slightly decreased (Fig. 7A) and that temperature gradi- 
ents in the discharge area were also decreased (line a-a', 
Fig. 8A). This is probably because the hydraulic head on the 
surface could hardly be transmitted to the lower part of the 
basin due to the barrier of the evaporites layer, thus little hot 
fluid was driven from the deep part of the sub-basin to the 
discharge area. 

Cases B to E: A vertical high-permeability zone (conduit) 
was imposed on the left two and right two (next to the right 
boundary) vertical grid lines of the model. These high-perme- 
ability zones cut through all stratigraphic levels from the sur- 
face to the basement contact and serve as connections be- 

tween surface fluids and fluids in the Horton aquifer. This 
assumption of vertical high-permeability zones is based on 
the geologic observation that the strata in this part of the 
Maritimes basin are cut by a number of subvertical post- 
Windsor faults, but it is obviously idealized. The lower unit 
of the Horton Group was also given higher permeabilities to 
enhance lateral fluid flow. 

Permeabilities assigned to the conduits and basal aquifer 

increase froin cases B to E shown in Figure 7. In case B, the 
horizontal (kx) and vertical (kz) permeabilities of the vertical 

11 2 2 8 conduits are 10 -•'2 and 10- cm' (1 cm' • 10 D), and the 
kx and kz of the basal aquifer are 10 -H and 10 -•'2 cm '2, respec- 
tively. The computation results indicate that temperature gra- 
dients were slightly disturbed (Fig. 7B), and the temperature 
at the site of mineralization (161øC) was slightly increased 
relative to the background temperature (150øC; line b-b', Fig. 
8A). In case C, the kx and k• of the vertical conduits are 10 -n 
and 10 -•ø cm '2, and the kx and kz of the basal aquifer are 10 -lø 
and 10 -11 cln '2, respectively. The temperature gradients were 
slightly decreased in the recharge sector and increased in the 
discharge sector (Fig. 7C). The temperature at the site of 
mineralization (183øC) was further increased relative to case 
B (line c-c', Fig. 8A). In case D, the kx and k• values were 
further increased by one order of magnitude relative to case 
C. The geothermal gradients were significantly decreased in 
the recharge sector and increased toward the surface in the 
discharge sector (Fig. 7D). However, the temperature at the 
site of mineralization (175øC) was slightly decreased relative 
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FIG. 7. Temperature distributions associated with different permeability 
assumptions in the topography-dfiven model, isotherms in øC. A hydranlie 
head difference of 750 m between the left and right boundafie and a basement 
heat flux of 110 mW/m 2, are assumed. A. Permeability values computed in 
the compaction model were used without modification. B. Vertical high-per- 
roeability zone, with horizontal and vertical permeabilities (kx and k•) of 10 -is 
and 10 -nem 2 , respectively, was imposed on the left two and fight two (next 
to the fight boundary) vertical grid lines of the model, and the lower unit of 
the Horton Group was also given high permeabilities, with kx and k, being set 

-12 2 

at 10 -nem 2 and 10 era, res?eetively. C. The kx and k• of the vertical 
conduits are 10 -• and 10 -lø em •, and the kx and k• of the basal aquifer are 
10 -•ø and 10 -u em 2, respeetive•. D. The kx and k• of the vertical conduits 
are 10 -m and 10 -9 em 2, and the kx and kz of the basal aquifer are 10 -9 and 
10 -mem •, respectively. E. The kx and ( of the vertical conduits are 10 -m 
and 10 -sem s, and the kx and k, of the basal aquifer are 10 -• and 10 jmesø em •, 
respectively. The vertical lines a-a', b-b', e-e', d-if, and e-e' indicate the position 
of the depth-temperature profile shown in Figure 8. 

to case C (line d-d', Fig. 8A). In case E, the kx and 1• of the 
vertical conduits are 10 -•ø and 10 -s cm •, and the kx and k• 
of the basal aquifer are 10 -s and 10 -•ø cm •, respectively. The 
geothermal gradients were decreased in the recharge sector 
as well as in the discharge sector (Fig. 7E). The temperature 
at the site of mineralization (145øC) was significantly de- 
creased relative to case D (line e-e', Fig. 8A). 

Cases A' to E': The same permeability configurations as 
cases A to E have been used, but a higher basement heat 
flux of 140 mW/m • is assumed across the basin except on the 
right boundary. The heat flux on the right boundary remains 
the same as in cases A to E and serves to indicate the back- 

ground thermal condition. The assumption of a heat flux of 
140 mW/m • is based on data from the vertical variation of 
vitrinite reflectance (Ro) values along a deep drill core in the 
center of the Shubenacadie sub-basin north of Gays River, 
which indicates a geothermal gradient of at least 80øC/km (Y. 
H6roux, pers. commun., 1996). This geothermal gradient is 
extremely high and may be of only local significance. We 
use it here merely to give an upper limit to the steady-state 
topography-driven model. The computation results show sim- 
ilar temperature patterns as in cases A to E, but the tempera- 
tures are shifted to higher values relative to the background 
geothermal gradient defined on the basis of a 110 mW/m • 
heat flux (see Fig. 8B). With this high heat flux assumption, 
the temperature near the level of mineralization can be close 
to 230øC. 

In addition to the above variational studies, we have also 
tried to give the Horton Group a larger thickness (max 3.5 
km according to stratigraphic data of Murphy et al., 1994, for 
the Saint Mary's sub-basin). It is noted that the temperatures 
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obtained at the site of mineralization were only a few degrees 
higher than in the above models. 

From the above calculation results it is shown that under 

steady-state conditions, topography-driven flow could elevate 
the geothermal gradients in the discharge area if high-perme- 
ability zones (conduits) linking the highlands, basal aquifer, 
and the discharge area are assumed. However, under the 
same basement heat flux assumption used for the compaction 
models (110 mW/m•), the temperature at the site of mineral- 
ization could not be higher than 185øC. A further increase 
in the permeability of the conduits (or increase in topographic 
relief) cannot increase the temperature in the discharge area. 
This is because imposing high-permeability zones has a two- 
sided effect on temperature distribution. On one hand, an 
increase in fluid flow velocities due to higher permeabilities 
helps to bring hot fluids from deep to shallow parts of the 
basin by minimizing heat loss due to thermal conduction. On 
the other hand, an increase in fluid flow velocities brings cool 
fluids from the surface to deep parts of the basin, and thus 
lowers the temperature of the fluids in the deep parts of the 
basin. Similar observations have been reported by Garven 
and Freeze (1984), Garven (1985), and Bethke (1986). 

Transient models 

The same physical models as cases A to E above are used 
to simulate the temporal variation of temperature. Two situa- 
tions were modeled: (1) the Cobequid highlands were up- 
lifted to the height of 750 m instantaneously, and (2) that the 
highlands were rising at a rate of i mm/yr. Figure 9A shows 
the variation of temperature at the site of mineralization as- 
suming instantaneous uplifting of the Cobequids. It is shown 
that for cases A, B, and C, the temperature gradually increases 
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F•c;. 9. Transient variation of the temperature at the site of mineraliza- 
tion, assuming instantaneous uplifting of the Cobequids (A), and an uplifting 
rate of 1 mm/yr (B). 

toward the steady-state value. In the cases of D and E, i.e., 
when the maximum permeability_ in the vertical conduits and 
basal aquifer is 10 -9 and 10 -sem 2 (0.1 and 1 D), the tempera- 
ture rapidly increases from the background value to a peak 
of about 250 ø and 270øC, respectively, and then gradually 
decreases toward the steady-state value. When an uplifting 
rate of i mm/yr is assumed (Fig. 9B), the temperature peaks 
are slightly lowered and are widened; transient high tempera- 
tures were reached later and lasted longer than in the ease 
of instantaneous uplifting. 

Discussion: Implications on Fluid Sources 
and Driving Forces 

A major constraint on the sources and driving forces of the 
ore-forming fluids is the fluid temperatures inferred from 
fluid inclusion studies. Homogenization temperatures (Th) of 
fluid inclusions from the deposits are highly variable, e.g., 50 ø 
to 230øC for the Jubilee deposit (Chiet al., 1995a), 50 ø to 
260øC for the Gays River deposit (Ravenhurst et al., 1989; 
Kontak, 1992, 1998; Chi and Savard, 1995), and 100 ø to 320øC 
for the Walton deposit (Kontak and Sangster, 1998). These 
variations in Th have been interpreted to have resulted from 
mixing between fluids with high and low temperatures, and 
the high-temperature end members (ca. 250øC, for the conve- 
nience of discussion) were most likely the metal-carrying flu- 
ids (Chi and Savard, 1995; Chiet al., 1995a). The validity of 
the high Th values is supported, in the case of the Gays River 
deposit, by vitrinite reflectance data (H6roux et al., 1994) 
which indicate that the host rock was heated to 230øC, and 
by the partial resetting of the 4øAr/39Ar isotope system at 
ca. 300 Ma, which indicates temperatures between 250 ø and 
300øC (Kontak et al., 1994). Clearly, the ore-forming fluids 
were derived from source regions where temperatures were 
much higher than those in the sites of mineralization, and an 
efficient driving force must have advected these hot fluids at 
a sufficient speed to compensate for heat loss due to thermal 
conduction and to preserve the high fluid temperatures. 

Ravenhurst and Zentilli (1987) and Ravenhurst et al. 
(1989), based on the assumption that the geothermal gradient 
near the time of mineralization was about 45 ø to 55øC/km, 
suggested that the ore-forming fluids were derived from the 
central part of the Maritimes basin, which is at least 100 to 
150 km away from the sites of mineralization. However, as 
indicated by Chiet al. (1998), the palcogeothermal gradients 
near the time of mineralization were very likely higher than 
65øC/kin. Consequently, temperatures higher than those re- 
corded by fluid inclusions in the deposits may have been 
reached in deep parts of the sub-basins not far from the sites 
of mineralization. For example, with a thermal gradient of 
65øC/km, a temperature of 250øC can be reached at a depth 
of only 3.5 km (assuming a surface temperature of 25øC). 
Such conditions can be reached in many sub-basins in the 
southern margin of the Maritimes basin. Isotopic studies (Sa- 
vard and Kontak, 1998; Sangster et al., 1998) and fluid inclu- 
sion studies (Chiet al., 1998; Savard and Chi, 1998) suggest 
that the ore-forming fluids for different deposits were derived 
from distinct source regions, most likely from nearby sub- 
basins. 

With the ore-forming fluids being associated with proximal 
sub-basins, the difficulty with the distal model, i.e., main- 
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taining overpressures to drive fluids over a long distance 
(>100 km), is minimized. The problem that remains is 
whether the hot fluids in the sub-basins could be advected 

to the sites of mineralization without a significant decrease 
in temperature. Fluid flow driven by sediment compaction 
has been shown to be too slow to disturb the temperature 
profile significantly. Two possible mechanisms are topogra- 
phy-driven flow related to the highlands and sudden release 
of overpressured fluids from the sub-basins, which are dis- 
cussed below. Other possibilities, e.g., heat anomaly-induced 
fluid circulation and fluid penetration into the basement, have 
not been considered. 

The numerical modeling of topography-driven flow indi- 
cates that the temperature distribution in the sub-basin was 
only slightly disturbed if rock permeabilities were inherited 
from sediment compaction. If high-permeability zones could 
be established by some process such as faulting, which serves 
to break through the low-permeability evaporite layer of the 
Windsor Group and to connect the lower Horton aquifer 
with the recharge and discharge areas on the surface, then 
geothermal gradients in the discharge area could be in- 
creased. If the permeabilities of the assumed vertical conduits 
and the basal aquifer are higher than 0.1 D, the temperature 
at the site of mineralization could be transiently elevated to 
values indicated by fluid inclusions (ca. 250øC). Clearly, the 
functioning of the topography-driven model depends strongly 
on the assumption of high-permeability zones. Although it is 
known that many subvertical faults cut through the Windsor 
evaporites, it is uncertain whether the high permeabilities 
assumed for the vertical conduits and basal aquifer could 
have existed at the time of mineralization. 

The numerical modeling of overpressure development in- 
dicates that, as the Horton Group sediments were laterally 
confined by basement highs or faults, fluid pressures ap- 
proaching or exceeding loading pressures could have been 
built up within the Horton Group, not only in the central 
part of the Marltimes basin but also in shallower sub-basins 
close to the sites of mineralization. Although fluid pressures 
exceeding lithostatic loads (i.e., X. values higher than 1.0) 
represent extreme conditions and must have been episodi- 
cally released, fluid pressures approaching lithostatic values 
were likely to have existed in the basal part of the marginal 
sub-basins. These overpressured fluids, if suddenly released 
through hydrofracturing or by a tectonic event, could be fo- 
cused toward the sites of mineralization (Sharp, 1978). Con- 
sidering the short distance between the source regions and 
the sites of mineralization (ca. 30 km or less), and the outburst 
nature of the fluid flow, hot fluids in the deep parts of the 
sub-basins could have been brought to the basin edge with 
minimum heat loss. 

Based on the numerical modeling results, although other 
models cannot be completely excluded, we favor sudden re- 
lease of overpressured fluids from the deep parts of sub- 
basins proximal to the deposits as the fluid flow mechanism 
responsible for mineralization (the proximal source-overpres- 
sure model), a process similar to that proposed by Fowler 
and Anderson (1991). A two-stage fluid flow scenario, i.e., an 
overpressure-driven fluid flow in the main stage of mineraliza- 
tion followed by topography-driven flow in the postmineral- 

ization stage, as proposed by Chi et al. (1995b), may be envis- 
aged. 

Outburst of overpressured fluids may have been provoked 
by a tectonic event, which could also have created structures 
to focus fluid flow. The age of mineralization of the Gays 
River deposit (ca. 300 Ma or between 300 and 320 Ma) 
broadly coincides with a period of relatively intensive defor- 
mation of the region, as indicated by the unconformity be- 
tween the Cumberland and the Pictou Groups (ca. 307 Ma). 
A number of subvertical faults north of the Gays River deposit 
(Giles and Boehner, 1982), which cut through the strata of 
the Windsor and Horton Groups, as well as the Canso (Ma- 
bou) Group, were probably developed during this period of 
time. On Cape Breton Island, large-scale detachment faulting 
probably took place at about the same time (or slightly ear- 
lier). Lynch and Brisson (1994) proposed that detachment 
faulting prompted overpressure-driven fluid flow by un- 
loading covering strata and by creating high-permeability 
zones in the basal carbonate unit of the Windsor Group. 

The overpressured fluids in the lower unit of the Horton 
Group (the major metal carrier) could have been conveyed 
rapidly to the sites of mineralization through different combi- 
nations of paths. They could have first breached the confining 
layer of the Middle Horton Group through hydrofracturing 
and/or faulting along some subvertical faults, and then flowed 
laterally to the sites of mineralization along some high-perme- 
ability zones in the basal carbonate unit of the Windsor 
Group. Alternatively, they may have first migrated laterally 
toward the sites of mineralization within the lower Horton, 
and then been channeled upward along subvertical faults at 
or near the deposit. Fluids coming from different strati- 
graphic levels with different temperature and composition 
may have been focused toward the sites of mineralization and 
mixed, as indicated by fluid inclusion and isotopic data (Chi 
and Savard, 1995; Chi et al., 1995a; Kontak and Sangster, 
1998; Savard and Kontak, 1998). 

After the dissipation of fluid overpressures, the basal aqui- 
fer may have been connected to the surface through fractures 
produced during the outburst, and topography-driven flow 
may have been dominant and responsible for fluid circulation 
in the postore stage. It has been noticed that a fluid with 
lower salinity and temperature was involved in the hydrother- 
mal system after the main-stage mineralization in the Jubilee 
and Gays River deposits (Chi and Savard, 1995; Chiet al., 
1995a). This late fluid was probably part of the topography- 
driven system. 

Conclusions 

The objective of this paper has been to evaluate mecha- 
nisms of basinal fluid flow responsible for Zn-Pb mineraliza- 
tion on the southern margin of the Marltimes basin. The 
major conclusions are the following: 

1. Fluid pressures approaching or exceeding loading pres- 
sures could have been built up within the lower unit of the 
Horton Group when it was laterally confined by basement 
highs or faults. This overpressuring could take place not only 
in the central part of the Marltimes basin but also in sub- 
basins close to the deposits. Overpressured fluids in the basal 
part of the proximal sub-basins would provide a potential 



FLUID FLOW MODELS FOR MINERALIZATION, MARITIMES BASIN, E. CANADA 909 

source of minera]izing fluids, which could be suddenly re- 
leased through tectonic events. The short distance between 
the proposed soume regions and the sites of mineralization 
would minimize temperature decrease during fluid migration, 
and high fluid temperatures (ca. 250øC) as recorded by fluid 
inclusions could have been reached at the deposits. 

2. Topography-driven flow related to uplifting of highlands 
could increase the geothermal gradients in the discharge area 
if high-permeability zones penetrating the evaporites layer 
and connecting the basal aquifer with the surface were estab- 
lished. The temperature at the site of mineralization could 
be transiently elevated to those indicated by fluid inclusions 
if permeabilities in the vertical conduits and the basal aquifer 
were higher than about 0.1 D. The validity of topography- 
driven flow depends strongly on the assumption of high-per- 
roeability zones and needs further study. Sudden release of 
overpressured fluids from proxima] sub-basins is considered 
as the more likely mechanism responsible for mineralization. 
Topography-driven flow may have been dominant after the 
dissipation of overpressures and may have been responsible 
for fluid flow in the postore stage. 
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APPENDIX 

The fluid flow and heat transfer processes during sedimentation 
and compaction are described by the following three equations ac- 
cording to the mathematical model of Bethke (1985): 

Medium continuity: 
Ov .... 1 04> 

- (A1) 
0z (1 - 4>) 0t 

Fluid flow continuity: 

i 04> 0T 
= -4>fipgv .... (1 - 4>)0t + 4>a- 

Heat conservation: 

[p4>Cf + PrO - &)Cr]-•t - 0 tK 0T• K 0T 

(A2) 

•x o o + (pvxhf) + •zz(pvzhf) = -hf•(p4>) (A3) 

where Vzm is settling velocity of the medium, z is the vertical coordi- 
nate, x the horizontal coordinate, t is time, 4> is porosity, ß is fluid 
overpressure, which is defined by: 

(I) = P - pgz (A4) 

P is fluid pressure, p is fluid density, g is gravity, kx and k• are 
intrinsic permeabilities in x and z directions, Kx and K• are thermal 
conductivities in and z directions, is temperature, Vx and Vz are 
fluid velocities in x and z directions, hf is fluid enthalpy. Other 
symbols used in the equations are explained in Table 1. Details 
about the derivation of the equations can be found in Bethke 
(1985, 1986). It must be mentioned here that the equations were 
derived in a Lagrangian reference frame, which remains fixed with 
respect to the subsiding medium but moves through space. The 
term "overpressure" used in this study is equivalent to "hydraulic 
potential" used by Bethke (1985, 1986). A discussion about the 
definition of hydraulic potential can be found in Harrison and 
Summa (1991). 


