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ABSTRACT

This paper presents a suite of two-dimensional mathematical models of basin-scale groundwater flow and heat trans-
fer for the middle Proterozoic Midcontinent Rift System. The models were used to assess the hydrodynamic driving
mechanisms responsible for main-stage stratiform copper mineralization of the basal Nonesuch Formation during
the post-volcanic/pre-compressional phase of basin evolution. Results suggest that compaction of the basal aquifer
(Copper Harbor Formation), in response to mechanical loading during deposition of the overlying Freda Sandstone,
generated a pulse of marginward-directed, compaction-driven discharge of cupriferous brines from within the basal
aquifer. The timing of this pulse is consistent with the radiometric dates for the timing of mineralization. Thinning of
the basal aquifer near White Pine, Michigan, enhanced stratiform copper mineralization. Focused upward leakage
of copper-laden brines into the lowermost facies of the pyrite-rich Nonesuch Formation resulted in copper sulfide
mineralization in response to a change in oxidation state. Economic-grade mineralization within the White Pine ore
district is a consequence of intense focusing of compaction-driven discharge, and corresponding amplification of
leakage into the basal Nonesuch Formation, where the basal aquifer thins dramatically atop the Porcupine Mountains
volcanic structure. Equilibrium geochemical modeling and mass-balance calculations support this conclusion. We
also assessed whether topography and density-driven flow systems could have caused ore genesis at White Pine.
Topography-driven flow associated with the Ottawan orogeny was discounted because it post-dates main-stage
ore genesis and because recent seismic interpretations of basin inversion indicates that basin geometry would not
be conductive to ore genesis. Density-driven flow systems did not produce focused discharge in the vicinity of the
White Pine ore district.

Key words: Midcontinent Rift System, ore genesis, paleohydrogeology, stratiform copper deposit
Received 19 November 2002; accepted 7 May 2003

Corresponding author: Mark Person, Department of Geological Sciences, Indiana University, 1001 E. 10th St.,
Bloomington, IN 47405, USA.
E-mail: maperson@indiana.edu. Tel: +1812 855 4404. Fax: +1812 855 7899.

Geofluids (2004) 4, 1-22

INTRODUCTION

Several models of basin-scale groundwater circulation have
been proposed to explain the formation of sediment-hosted
stratiform ore deposits within a variety of tectonic settings.
Early workers (Sharp 1978; Cathles & Smith 1983) empha-
sized the role of compaction-driven brine transport in the
formation of Mississippi-Valley-type ore deposits. This
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mechanism may dominate the subsurface flow regime in
immature basins during periods of rapid subsidence and sedi-
mentation. Bethke (1985) demonstrated that, in the absence
of a structural or stratigraphic fluid-focusing mechanism, the
weak discharges and small time-integrated fluid fluxes charac-
teristic of compaction-driven groundwater circulation render
this mechanism ineffective as an ore-forming agent. Garven
& Freeze (1984a), Garven (1985), Garven et al. (1999),
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and Appold & Garven (2000) suggested groundwater flow
driven by water-table topography as an ideal ore-forming
mechanism within mature sedimentary basins because of
its ability to focus large volumes of fluid into the basin mar-
gins for long periods and thereby generate thermal and sali-
nity anomalies. Several workers have demonstrated that
variations in pore-fluid density induced by gradients in tem-
perature or salinity can drive free convection in thick and
permeable aquifers (Wood & Hewett 1984 ). Raffensperger
& Garven (1995) invoked this phenomenon to explain
unconformity-type uranium mineralization in mature rift
basins. Recently, Grigorita & Brown (2001) proposed that
thermal convection was responsible for copper sulfide
mineralization within the White Pine ore district. Person
& Garven (1994) demonstrated that, within evolving con-
tinental rift basins, all of the aforementioned fluid-impelling
mechanisms may compete for control of the hydrologic
system in response to spatial and temporal variations in
permeability, subsidence, water-table configuration, and
basal heat flow.

Economic geologists have proposed and refined a model
of district-scale metal deposition that can account for many
of the physical attributes common to many of sediment-
hosted stratiform copper deposits (Brown 1992, 1997).
However, a generic model of basin-scale cupriferous brine
circulation remains elusive, and a vigorous debate continues
regarding the importance of the above-mentioned fluid-
impelling mechanisms (e.g. water-table topography, sedi-
ment compaction, and buoyancy). The objective of our
study is to assess the relative importance of these mechan-
isms in the genesis of stratiform copper mineralization at
the White Pine ore district, which, in many respects,
forms the type locality for the overprint model of copper
deposition.

Within the Lake Superior portion of the middle proter-
ozoic midcontinent rift system, the basal facies of the Non-
esuch Formation host regional-scale, low-grade stratiform
copper mineralization (Fig.1). The mineralization is of
economic grade near the Porcupine Mountains of northern
Michigan with an ore body located near the town of White
Pine. The geologic and geochemical aspects of the White
Pine ore body have been detailed in numerous studies
(White & Wright 1966; Brown 1971, 1992, 1997; Mauk
1993). However, the pioneering analysis of White (1971)
remains the only quantitative model to address the role
of basin-scale groundwater circulation in the formation of
the White Pine ore body. Using geologically plausible esti-
mates of aquifer and confining layer permeabilities, copper
concentration of the ore-forming fluid, and duration of
infiltration, White (1971) constructed a self-consistent
model of mineralization that addressed two potential paleo-
hydrologic scenarios for ore genesis at White Pine: (i)
basin-scale topography-driven groundwater circulation fed
by meteoric recharge along the north limb of the rift; or

(ii) up-dip (marginward) migration of pore fluids driven
from compacting sediments in the axial section of the
basin. Because of a shortage of basin-scale geologic data,
White (1971) was unable to refine his model, and the
fluid-impelling mechanism responsible for stratiform miner-
alization remained equivocal. Garven (1985) generalized
the results of his seminal study on topography-driven
groundwater circulation in orogenic belts to include the
genesis of the White Pine ore body. Using a cross-section
based on an inferred post-rift structure of the Midconti-
nent Rift System in the western Lake Superior region,
Garven (1985) constructed a conceptual model of the
topography-driven paleoflow system he envisioned as
responsible for mineralization.

Recently, the geodynamic evolution of the Midcontinent
Rift System has been constrained by new basin-scale geophy-
sical studies and high-resolution chronostratigraphy. In addi-
tion, recent exhaustive studies of the geology and
geochemistry of the White Pine ore body have resolved the
temperature and timing of mineralization. We have inte-
grated this geologic information into a suite of basin-scale
mathematical models of deep groundwater circulation and
heat transfer in the Midcontinent Rift System and, in an
extension of White’s (1971) study, attempted to resolve
uncertainties surrounding the fluid-impelling mechanism
responsible for the basin-scale transport of ore-forming fluids
to the White Pine district. We also employ equilibrium geo-
chemical modeling and first-order mass-balance calculations
to constrain the copper concentration of the ore-forming
pore fluids.

GEOLOGIC SETTING

The Midcontinent Rift System is a 2200-km-long segmented
continental rift (Fig. 1) of Keweenawan age (approximately
1.1 Ga) that extends as an arcuate belt from central Kansas,
north through the Lake Superior region, and south-easterly
to Ohio where it terminates within the Grenville Front tec-
tonic zone (Van Schmus 1992; Cannon 1994; Hinze et al.
1997). The two-stage rift-filling sequence consists of a thick
syn-rift volcanic package overlain by post-rift clastic sedi-
ments. Exposures of the sequence are limited to the Lake
Superior region where they form the lithostratigraphic
Keweenawan Supergroup (Fig.2). Elsewhere, the existence
of the rift is inferred from magnetic and gravity anomalies
and limited deep-well data (Morey 1974; Witzke 1990; Allen
1994; Allen et al. 1997). Cannon (1994) ascribes rift failure
to north-west-directed compressional stresses of the Ottawan
(1090-1030 Ma) orogeny. Allen (1994) and Hinze ez al.
(1997) provide detailed and current reviews of Midcontinent
Rift System geology.

The Lake Superior basin (Fig. 1) of the Midcontinent Rift
System contains a broad (approximately 150 km) rift-filling
sequence that reaches a thickness of approximately 30km
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Fig. 1. Generalized geologic map of the western Lake Superior region of the
Midcontinent Rift System showing model transect (A-B) and locations of
stratiform ore bodies at White Pine and Presque Isle. Dashed lines indicate
buried pre-Keweenawan structures; corresponding bold lines delineate the
pinch-out of lower Oronto Group strata against these features. Inset: sketch of
Midcontinent Rift System showing the Grenville Front tectonic zone. The light
gray area in the center of the basin denotes the position of Lake Superior
where no outcrop data is available.

(Cannon et al. 1989). Its structure and stratigraphy are con-
strained by interpretations of basin-scale seismic reflection
data and by detailed potential-field modeling (Cannon ez al.
1989; Allen 1994; Allen et al. 1997). In cross-section, the
rift-filling sequence forms a broad basin with little evidence
of large-scale growth faulting (Cannon 1992; Allen 1994;
Allen et al. 1997). Allen (1994) suggests that the evolution
of the western region of the Lake Superior basin was strongly
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influenced by two prominent crustal blocks, the Grand Mar-
ais and White’s ridges (Fig. 1) that are associated with pro-
nounced gravity anomalies and thinning of the basin fill.
The thickest portion of the basin fill is delineated by the Lake
Superior syncline, which coincides with the axis of Lake
Superior east of Houghton, Michigan. North of the White
Pine region, the syncline axis is deflected to the north-west
between the Grand Marais and White’s ridges and apparently
terminates near Tofte, Minnesota (Allen 1994; Allen et al.
1997).

The post-volcanic sedimentary rocks of the Lake Superior
basin form the Keweenawan Supergroup (Fig. 2), which con-
sists of the Oronto and Bayfield groups. The volcaniclastic
Oronto Group is composed of two fluvial formations, the
Copper Harbor Formation and the Freda Formation, and
the intercalated strata of the Nonesuch Formation. In
cross-section, the Oronto Group is symmetric about the syn-
cline axis and possesses laterally extensive, basinward-dipping
seismic reflectors that display no evidence of large-scale nor-
mal faulting or plutonism (Cannon 1992; Allen et al. 1997).
Allen (1994) divides this group into lower and upper seismic
units. Lower Oronto Group strata, which comprise the Cop-
per Harbor and Nonesuch formations, onlap the underlying
volcanics, pinch out against ancestral structures, i.e. the
Grand Marais and White’s ridges, and, in the vicinity of the
White Pine mine, thin dramatically atop the Porcupine
Mountains Volcanic Structure (Fig.1). The upper Oronto
Group, i.e. the Freda Formation, is conformable with the
lower Oronto Group but rests unconformably atop both
lower Keweenawan volcanics near the basin margins and
the Grand Marais and White’s ridges. The compositionally
mature fluvial formations of the Bayfield Group overlie the
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Fig. 2. Lake Superior basin lithostratigraphy, model hydrostratigraphy, and corresponding material properties used in the baseline numerical simulation; unit
thicknesses are not to scale. Abbreviations: LFA and MLFA refer to the lacustrine facies assemblage and marginal lacustrine facies assemblage of the Nonesuch

Formation. The variables listed in this figure are defined in Table 1.
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Oronto Group, although the nature of the contact is unclear
(Daniels 1982). Allen (1994) suggests that the Bayfield
Group is very thin or absent across most of the Lake Superior
basin and attains an appreciable thickness only outboard of
major bounding thrust faults, e.g. the Keweenaw Fault of
Fig. 1.

The Copper Harbor Formation is conformable with the
underlying volcanic sequence. This redbed (hematitic) for-
mation, which attains a thickness of approximately 2 km near
the syncline axis, is interpreted as an upward- and basinward-
fining fluvial formation derived from lower Keweenawan vol-
canics (Wolft & Huber 1973; Daniels 1982; Elmore 1984;
Davis & Paces 1990). The predominance of coarse- to med-
ium-grained facies in outcrops likely reflects the proximity of
these exposures to their source terranes; deep-well data from
correlative formations in Midcontinent Rift System subbasins
of Towa suggest that distal (axial) sections of the Copper Har-
bor Formation are dominated by fine-grained facies (Witzke
1990; Anderson 1997).

The siltstone, shale, and minor sandstone of the Nonesuch
Formation conformably overlie and interfinger with the
Copper Harbor Formation and record a basin-scale trans-
gressive event. The base of the Nonesuch Formation consists
of a pair of meter-scale sandstone-siltstone-shale sequences,
which Elmore et al. (1989) termed the marginal lacustrine
facies assemblage. The Nonesuch marginal lacustrine facies
assemblage separates the underlying sediments from the bulk
of the Nonesuch Formation, which consists of 40-300 m of
anoxic pyritic shale and siltstone in the lacustrine facies
assemblage (Elmore ez al. 1989). We envision the Nonesuch
marginal lacustrine facies assemblage as a sedimentological
transition zone that separates the coarse-grained redbeds of
the Copper Harbor Formation from the fine-grained,
reduced strata of the lacustrine facies assemblage. The entire
formation thickens basinward and is both laterally pervasive
and lenticular in shape along its apparent strike (Daniels
1982; Suszek 1997). On the basis of'its stratigraphic associa-
tion with fluvial formations, the Nonesuch Formation is
assigned a lacustrine origin, although some researchers sug-
gest it was deposited in a marine environment (Hieshima &
Pratt 1991).

A gradational contact separates the oxidized strata of the
progradational Freda Formation from the underlying lacus-
trine /marine facies assemblage of the Nonesuch Formation.
The Freda Formation attains a maximum thickness of
approximately 4 km near the syncline axis. In outcrop, it con-
sists of a succession of meter-scale fining-upward sequences
of sandstone, siltstone and shale characteristic of deposition
in a meandering fluvial environment (Daniels 1982).

These structural and stratigraphic characteristics, com-
bined with high-precision chronostratigraphy (Davis & Sut-
cliffe 1985; Palmer & Davis 1987; Davis & Paces 1990),
suggest a four-phase model of rift evolution in the Lake
Superior basin: (i) a 16-Myr period (1109-1093 Ma) of

active rifting characterized by rapid extension (approximately
80km) and the emplacement of approximately 20 km of vol-
canics in depocenters along the Lake Superior syncline axis;
(ii) an abrupt cessation of extension, waning of volcanism,
local isostasy, and immature clastic sedimentation (lower
Oronto Group); (iii) a transition to regional isostasy and
deposition of the Freda Formation (upper Oronto Group);
and (iv) mature clastic sedimentation (Bayfield Group) in a
broad flexural basin, later accompanied by regional compres-
sion (1070-1050 Ma) and partial inversion (thrusting) of the
rift-filling sequence along major reverse faults (Bornhorst
et al. 1988; Cannon 1992; Ohr 1993; Allen 1994; Allen
et al. 1997; Bornhorst 1997).

MINERALIZATION

Native copper and copper sulfide deposits are situated along
the southern margin of the Lake Superior basin, where
reverse motion along the Keweenaw fault juxtaposed rift-fill-
ing volcanics and Oronto Group formations with Bayfield-
Group-equivalent formations (Fig.1). Regional-scale, low-
grade stratiform copper mineralization of the basal Nonesuch
Formation extends for approximately 150 km south-east of
Houghton, Michigan (Mauk 1993), within which eco-
nomic-grade ore bodies are located along the west (Presque
Isle) and east (White Pine) flanks of the Porcupine Mountains
volcanic structure. The White Pine ore body consisted of a
laterally extensive (approximately 50 km?), peneconformable
cupriferous zone within the marginal lacustrine facies
assemblage of the Nonesuch Formation (Fig. 3). Economic
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Fig.3. Conceptual diagram of up-dip (marginward) cupriferous brine
migration within the Copper Harbor Formation (CHF) and associated leakage
into the marginal lacustrine facies assemblage and lacustrine facies assemblage
of the superjacent Nonesuch Formation. Economic-grade mineralization is
restricted to anoxic strata within the basal 5m of the Nonesuch marginal
lacustrine facies assemblage. Note that to a first order, the redoxcline
corresponds to the Copper Harbor Formation/Nonesuch marginal lacustrine
facies assemblage contact. Lower inset: lithostratigraphy and copper
concentration of the ore-hosting basal Nonesuch marginal lacustrine facies
assemblage; modified from Mauk et al. (1992). Abbreviations: SS, sandstone;
SISt, siltstone; and Sh, shale. Upper inset: fringe mineralization after Brown
(1971).
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mineralization is restricted to the basal 5m of the marginal
lacustrine facies assemblage, which consists of two transgres-
sive sequences separated by an erosional surface. The chemi-
cally reduced siltstone and shale units within these sequences
contain 2—4 wt.% copper as fine-grained disseminated chalco-
cite and minor native copper. The vertically averaged ore
grade was 1.1 wt.% copper or approximately 30kg Cum ™3
rock (Mauk 1993). The upper limit of the cupriferous zone
is demarcated by a peneconformable, cm-scale transition
zone (fringe) of copper—iron sulfides, ranging from chalcocite
(Cu,S) through pyrite (FeS,), that has been interpreted as
the final position of an upward advancing mineralization
front (Brown 1971).

Early models for White Pine ore formation were ambigu-
ous (White & Wright 1954; Sales 1959). The generally
accepted model of mineralization (Brown 1992) invokes
influx, via infiltration and/or diffusion of warm (<100°C)
copper bearing, oxidizing brines from the subjacent redbeds
of the Copper Harbor Formation aquifer (Fig.3). In this
model, the sulfur-rich, reduced strata of the Nonesuch
Formation’s marginal lacustrine facies assemblage formed a
chemical sink for the copper transported in aqueous copper
chloride complexes. Numerous stratigraphic and mineralogi-
cal relations within the White Pine ore body constrain the
relative timing of mineralization to be coeval with diagenesis,
i.e. with compaction of the formation (Mauk 1993) and
high-precision radiometric dates (1081+ Ma) from carbo-
nates within the mine strata support this interpretation
(Ohr 1993). A diverse suite of paleothermometers within
the formation preserves a maximum temperature of approxi-
mately 130°C (Mauk 1993; Price & McDowell 1993; Price
et al. 1996). This inferred timing of main-stage ore deposi-
tion occurred during active rifting and prior to compressional
tectonism in the region. This rules out the possibility of ore
formation induced by a regional topography-driven ground
water flow system or by thermal convection associated with
the emplacement of the Porcupine Mountains Volcanic
Structure.

A second influx of cupriferous brines, coeval with the
regional compression and associated structural deformation
of the aforementioned four-phase model’s final stage, miner-
alized reverse faults and adjacent strata in tectonically dis-
turbed portions of the White Pine district with additional
native copper and chalcocite. This mineralizing event post-
dated stratiform mineralization by 20-30 Ma (White 1968;
Bornhorst ez 2l. 1988; Ohr 1993) and was linked genetically
to the volcanic-hosted native copper mineralization of the
Keweenaw district 100 km to the north-east (Mauk ez al.
1992).

MODELING APPROACH

We constructed two-dimensional mathematical models of
basin-scale groundwater flow and heat transfer to assess the
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importance of several fluid-impelling mechanisms in strati-
form copper mineralization of the basal Nonesuch Formation
during the post-volcanic/pre-compressional phase of Lake
Superior basin evolution. We applied the model to north—
south cross-sections through the Lake Superior syncline
including a section A-B that transects the White Pine ore dis-
trict (Fig. 1). We first constructed a baseline model from a
geologically reasonable set of hydrologic and thermal mate-
rial properties and boundary conditions. We then performed
a sensitivity study in which some of these material properties
and boundary conditions were systematically varied about
their baseline values and the resultant impact on the paleo-
flow field was quantified and interpreted. Finally, we com-
bined the results of equilibrium geochemical modeling with
simple mass-balance calculations, based on computed fluid
fluxes, to constrain the copper concentration of pore fluids
responsible for formation of the White Pine ore body.
The mathematical model is described in an appendix to this

paper.

MODEL HYDROSTRATIGRAPHY AND
BOUNDARY CONDITIONS

Late Proterozoic and Phanerozoic erosion, including
repeated glacial scouring in the Pleistocene, has obliterated
the original surface expression of the Keweenawan Province
and the tectonic quiescence that so effectively preserved
the rift-filling sequence has rendered vast volumes of rock
inaccessible to direct investigation. Therefore, we must
cautiously infer model hydrostratigraphy and boundary
conditions.

Our solution domain consists of the entire Oronto Group
and the underlying uppermost volcanic section, which we
subdivide into five hydrofacies (Figs2 and 4A) that are
broadly correlative with observed lithofacies. We include a
volcanic hydrofacies to assess the effects of a permeable base-
ment on the paleoflow field. The model hydrofacies were
assigned representative bulk hydrologic properties on the
basis of observed lithologies (Corbet & Bethke 1992). This
was done because few permeability and porosity data are
available for the Midcontinent Rift. Core permeability data
measured from oil wells are probably not representative of
conditions 1.1 billion years ago. We treat the Nonesuch mar-
ginal lacustrine facies assemblage as a hydrologic ‘boundary
layer’ and assign it a permeability intermediate to that of
the subjacent aquifer (Copper Harbor Formation) and super-
jacent aquitard (lacustrine facies assemblage). We construct a
subsidence profile from a composite cross-section
(GLIMPCE Line C and Grant-Norpac, Inc., Lines 8, 43,
and 57) and high-resolution chronostratigraphy (Cannon
et al. 1989; Davis & Paces 1990; Cannon 1992; Ohr 1993;
Allen 1994; Allen et al. 1997; Zartman et al. 1997). To
reduce computational requirements, we exploit the first-
order symmetry of the Oronto Group and represent only
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the southern limb of the syncline; the syncline axis thus forms
the northern boundary of the model cross-section.

We impose a mixture of Dirichlet and Neumann boundary
conditions on the governing equations for fluid flow, heat
transfer, and sediment consolidation. We specify the hydrau-
lic head (equal to the elevation of the top node in each nodal
column) and temperature (10°C) along the top of the basin
and a uniform heat flux across the impermeable base of the
solution domain. The vertical boundaries at the basin margin
and syncline axis are thermally insulated and hydraulically
impermeable. We assume the water table forms a subdued
replica of the surface topography (Téth 1963). Blair (1987)
and Dufty & Al-Hassan (1988) suggested that, to a first
order, the surface topography of alluvial basins decays expo-
nentially with distance from the sediment source in exten-
sional environments. We represented the fluvial surface
topography of the Lake Superior basin in this manner. We
represented the denudation of sediment source terrain and
the transgression/regression of the shoreline by allowing
the water-table elevation, which had an exponential geometry
(flat in the center of the basin and rising towards the basin
margins), to decline during basin evolution. Finally, we spe-
cify a tectonic subsidence rate along the base of the solution
domain.

We assume that pore-fluid salinity increases linearly with
depth, attains a maximum value of 20 equivalent-wt.% NaCl
at a depth of 4 km, and remains constant below this depth.
We justify this approach by noting that: (i) Hanor (1987)
described a similar linear relationship between salinity and
depth; and (ii) residual pore fluids in the Nonesuch Forma-
tion at the White Pine mine possess salinities of approxi-
mately 20 equivalent-wt.% NaCl (Johnson et al. 1995). We
do not allow feedback between the flow field and the distri-
bution of salinity. Thus, the increase in salinity with depth

80 90 100 and 15 (B) million years. (C) Finite element mesh

after 10 million years.

impedes vertical flow, but the flow field does not modify sali-
nity patterns. While this assumption only grossly approxi-
mates the actual effects of variable-density flow because of
salinity, the boundary conditions for brine migration and
sources of salinity within the depocenter of the Midcontinent
Rift are not well known. Garven & Freeze (1984b) first
implemented this approach.

MODEL RESULTS

We begin with an analysis of our baseline simulation, which
used the hydrostratigraphy and material properties shown in
Figs 2 and 4, a subsidence rate based on the aforementioned
chronostratigraphic data (about 1 mm year™"; Davis & Paces
1990; Ohr 1993) and a basal heat flux of 60 mW m ™2, which
is consistent with paleothermometers in the Nonesuch For-
mation (Mauk 1993; Price & McDowell 1993; Price et al.
1996). While geodynamic models of rift basin evolution
(e.g. McKenzie 1978; Person & Garven 1994) suggest that
higher heat flow values should occur during the onset of
basin formation, imposing higher heat flow values resulted
in computed temperatures in the White Pine region, which
were not consistent with paleo-heat-flow studies referenced
above. On the basis of these results, we propose a model of
stratiform mineralization at White Pine in which cupriferous
brines are driven up-dip within the compacting Copper Har-
bor Formation and leak into the overlying Nonesuch mar-
ginal lacustrine facies assemblage, where copper is
precipitated in response to a change in redox conditions of
the host rocks. We then assess the sensitivity of our model
to the permeability structure and the rate of Freda Formation
deposition. We conclude this section with a discussion of the
potential role of buoyancy-driven groundwater circulation in

ore genesis at White Pine.
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Baseline simulation

Our baseline model results using the parameters listed in
Fig. 2 suggest that the post-volcanic hydrodynamic evolution
of the Lake Superior basin was characterized by the simulta-
neous development of two distinct flow systems of opposite
orientation. The model output is summarized graphically in
Figs5 and 6, in which we superpose contoured hydraulic
head (Fig.5) and discharge vectors and isotherms (Fig.6)
atop the model hydrostratigraphy at three stages of Oronto
Group deposition.

In the early phase of post-volcanic basin evolution, a vigor-
ous (7,2 1ma™"), basinward-directed shallow flow system
was established in the hydrofacies fed by meteoric recharge
along the rift flanks and discharging near the syncline axis,
i.e. Figs5(A) and 6(A). Note that most discharge occurs
between 90 and 100km along the section, which is not
shown in these figures. The thinning of the Copper Harbor
Formation atop the Porcupine Mountains volcanic structure
in the vicinity of the White Pine ore district attenuated this
flow system and prevented deep, basinward groundwater cir-
culation. This behaviour is evident in Figs5(A) and 6(A),

op (N AR I R I R B R R S R B R e A | i i i 4 -)3.0 }

Simulation Time = 5 Ma (Late Copper Harbor Conglomerate Deposition)
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which depict a spatial decay in the lateral hydraulic gradient
and in the magnitude of the discharge vectors basinward of
the ore district. Note that the lengths of discharge vectors
in the shallow, topography-driven flow system are uniform,
whereas the lengths of the discharge vectors in the compac-
tion-driven flow system scale with the flow rate. In this way
both flow systems, which have very different flow rates, can
be represented in a single plot. A reference vector is provided
for scale. Throughout basin-scale transgression and deposi-
tion of the Nonesuch Formation, this basinward-directed,
topography-driven flow system persisted within the Nones-
uch Formation’s time-equivalent fluvial facies, which were
restricted to the basin margins. Note that during this phase
of basin evolution, the Nonesuch Formation’s sedimentation
rate was insufficient to induce significant compaction of the
axial Copper Harbor Formation, which thereby rendered
the basal aquifer essentially stagnant.

During the ensuing regression and deposition of the Freda
Formation, the transgressive sequence, i.e. the Nonesuch
Formation, exerted a first-order control on the basin’s hydro-
dynamic evolution by partitioning the paleoflow regime into
two flow systems with opposing orientations. The basinward-

CHFm

Ah=1.0m

60 70

=

Elevation [km]

Simulation Time = 10 Ma (Early Freda Sandstone Deposition)

80 90

Freda Fm

Ah=5.0 m

,_,
L

70

80

" Simulation Time = 15 Ma (Middle Freda Sandstone Deposition)

CHFm

80.0

(C) 70

80 30

Lateral position [km]

Fig. 5. Contoured hydraulic head (m) at (A) 5 Ma, (B) 10 Ma, and (C) 15 Ma of simulation time. In (A), the contour interval, Ah, is 1 m; in (B) and (C), Ah=5.0m.
The contour intervals within the moderately overpressured Nonesuch Formation (100-300 m excess hydraulic head) are omitted for clarity.
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Fig. 6. Groundwater discharge vectors (ma~") and contoured temperature (°C) at (
lengths of discharge vectors in the basinward-directed topography-driven flow

A) 5 Ma (B) 10 Ma, and (C) 15 Ma of simulation time; compare with Fig.5. The
system are magnitude-independent, i.e. uniform and denoted with filled

arrowheads. This flow system is hosted by the Copper Harbor Foramation in (A) and the Freda Formation in (B) and (C). The lengths of discharge vectors in the

marginward-directed, compaction-driven flow system are magnitude-dependent,

i.e. nonuniform, and denoted with open arrowheads. A reference vector is

provided for scale. This flow system is hosted by the Copper Harbor Formation compacting hydrofacies in (B) and (C). Note the intense convergence of compaction-

driven discharge within the near the present-day White Pine ore district. Discharge

vectors within the Nonesuch Formation's lacustrine facies assemblage are not

plotted. The temperature contour interval is 30°C in all figures. Note that the thermal structure is dominated by conductive heat transfer. Abbreviations: CHF,

Copper Harbor Formation; MLFA, marginal lacustrine facies assemblage.

directed, topography-driven flow system was maintained in
the upper aquifer, i.e. in the Freda Formation. In contrast,
a marginward-directed flow system was established in the
compacting basal confining unit aquifer system, i.e. in the
Nonesuch Shale and underlying Copper Harbor Formation,
in response to loading by the overlying Upper Nonesuch and
Freda Formations.

The sedimentation rate associated with deposition of the
Freda Formation was sufficient to generate moderate over-
pressure (100-300 m of excess head) in the axial region of
the Nonesuch Formation. However, the relatively high per-
meability of the Copper Harbor Formation prevented the
development of significant overpressure in the Copper Har-
bor Formation, and, as a consequence, the compaction-dri-
ven flow system in the basal aquifer was characterized not
only by a weak hydraulic gradient but also by relatively vigor-

ous lateral discharge (g, of approximately 10 >ma'). To
facilitate the visualization of contoured hydraulic head in
the upper and lower aquifers shown in Fig. 5(B,C), we omit
contour intervals in the overpressured Nonesuch Formation
and use a finer contour interval in the Copper Harbor Forma-
tion to capture the weak hydraulic gradient.

Not surprisingly, our model results indicate that conduc-
tive heat transfer dominated the thermal history of the Lake
Superior basin during Oronto Group deposition. The
subhorizontal orientation of the isotherms shown in Fig. 6
suggests that topography-driven groundwater circulation
was too shallow and compaction-driven vertical flow was
insufficient in magnitude to perturb the conductive thermal
profile. Vigorous, topography-driven groundwater circula-
tion was restricted to the relatively thin, shallow, fluvial facies
near the basin margins and thus was incapable of generating
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Fig. 7. Temporal evolution of compaction-driven discharge within the
present-day White Pine ore district. The bold curve is computed leakage
across the Copper Harbor Formation/Nonesuch marginal lacustrine facies
assemblage contact (redoxcline). Abbreviations: CHF and MFLA refer to the
Copper Harbor Formation and the marginal lacustrine facies assemblage of the
Nonesuch Formation. The variables listed in this figure are defined in Table 1.

thermal anomalies in the axial region of the basin. Similarly,
marginward-directed, compaction-driven discharge within
the basal aquifer could not disrupt the conductive thermal
profile. This is because groundwater velocities are too low
(in the order of the sedimentation rates) within compac-
tion-driven flow systems (Bethke 1985). Our thermal model-
ing suggests that paleothermometers within the White Pine
ore district should reflect this conductive thermal signature.

Figure 7 shows the time evolution of compaction-driven
vertical leakage across the Nonesuch marginal lacustrine
facies assemblage at the White Pine ore district. Leakage
attained a maximum value of approximately 2 x 10™*ma~!
after approximately 3 Myr of Freda Formation deposition,
which began 5.5 Myr into the simulation, before decaying
quasi-exponentially throughout the remainder of sedimenta-
tion. The timing of this pulse of compaction-driven discharge
within the Nonesuch marginal lacustrine facies assemblage is
consistent with the inferred diagenetic timing of ore genesis
at the White Pine mine (Mauk ez 2. 1992; Ohr 1993). We
therefore propose that stratiform copper mineralization of
the basal Nonesuch Formation can be attributed to the mar-
ginward migration of cupriferous brines within the compact-
ing fluids leaked into and through the Nonesuch marginal
lacustrine facies assemblage throughout deposition of the
Freda Formation.

To test the validity of this hypothesis, we (i) quantified the
volume of compaction-driven flow that percolated through
the ore-hosting Nonesuch marginal lacustrine facies assem-
blage and (ii) demonstrated that the position of peak com-
paction-driven flow within the marginal lacustrine facies
assemblage coincides spatially with the location of the ore dis-
trict. To quantify the spatial distribution of compaction-dri-
ven discharge within the Nonesuch marginal lacustrine facies
assemblage, we calculated the fluid—rock ratio and the time-

© 2004 Blackwell Publishing Ltd, Geofluids, 4, 1-22
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integrated leakage, which we denote by x and Q,, respec-
tively. The fluid—rock ratio () is the ratio of time-integrated
pore-fluid volumetric discharge to solid-phase volume in a
unit volume (V) of rock. We define a fluid-rock ratio for
the ore-hosting marginal lacustrine facies assemblage as:

X= 5= ) (ad +lahae 1)

where ¢, is a representative porosity for the Nonesuch mar-
ginal lacustrine facies assemblage during its compaction and
the unit volume symbol, V,, preserves dimensional consis-
tency (V, = 1 m®). Relative to the coordinate system, margin-
ward-directed compaction-driven discharge, 4., is a negative
quantity; hence, we use its magnitude in equation 1 to guar-
antee that y is a positive quantity. Equation 1 is valid for posi-
tive upward discharge within the marginal lacustrine facies
assemblage. The time-integrated leakage (Q.) across a unit
area, A,, of the Copper Harbor Formation/Nonesuch mar-
ginal lacustrine facies assemblage contact at any lateral posi-
tion is:

Q.= [ g 2)

Implicit in equations 1 and 2 is the assumption of unit width
(1 m) to the model cross-section. In the calculation of x and
0., time is measured from the onset of Freda Formation
deposition and associated compaction of the Copper Harbor
Formation.

In the limit of a large permeability contrast between the
Copper Harbor Formation and Nonesuch marginal lacus-
trine facies assemblage hydrofacies, the vertical flow occurs
across the Copper Harbor Formation/Nonesuch marginal
lacustrine facies assemblage contact. There is no significant
lateral component to the discharge vector within the Nones-
uch marginal lacustrine facies assemblage hydrofacies (g, of
approximately 0). By equations 1 and 2, (1 — ¢,) Vyx = A, Q.,
where A,=1m?. However, in the White Pine ore district,
the Nonesuch marginal lacustrine facies assemblage consists
of interbedded sandstone, siltstone and shale (Mauk 1993),
which suggests that its bulk permeability is intermediate
between those of the Copper Harbor Formation and the
shale-dominated lacustrine facies assemblage. Hence, it is
likely that a significant lateral (bedding-parallel) component
of compaction-driven discharge existed within the marginal
lacustrine facies assemblage throughout the proposed miner-
alizing event.

We define a maximum fluid-rock ratio, .., and a maxi-
mum time-integrated leakage, Q..,, as the values of x and
Q,, respectively, in the limit of large time:

Xoo (%) = lim; oo X (%, 7) (3)

Qzoo (%) = limy 00 Q 2(x, 7) (4)
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In the context of our model, the limit of #— oo corresponds
to the waning of Freda Formation deposition, e.g. 25 Ma in
the baseline simulation, prior to the onset of late-stage rift
inversion, when compaction-driven discharge within the
Copper Harbor Formation had decayed to near zero and
the basal aquifer was essentially stagnant. This limit repre-
sents the completion of our proposed mineralization event.
To assess the validity of compaction-driven discharge
within the Copper Harbor Formation as an ore-forming
mechanism, we analysed the magnitude and spatial distribu-
tions of xo(x) and Q...(x) along two model cross-sections in
the Lake Superior basin. The spatial distributions of x., and
Q. along the baseline model cross-section, A-B, which
transects the White Pine ore district, are shown in Fig. 8(A).
Both x., and Q.. change abruptly within the ore district,
where the Copper Harbor Formation thins dramatically
against the Porcupine Mountains volcanic structure. We
attribute the pronounced maximum in asymptotic time-
integrated leakage (Q,.,) to the intense convergence of
compaction-driven discharge within the Copper Harbor

Formation and the concomitant increase in leakage across
the Copper Harbor Formation/Nonesuch marginal lacus-
trine facies assemblage contact. The asymptotic fluid-rock
ratio (X.o) increases by an order of magnitude in a margin-
ward direction across the ore district. We can explain the dis-
tribution of (x,) by analysing the distribution of Q... The
large permeability contrast between the marginal-lacustrine-
the
majority of leakage across the contact between the Copper

and lacustrine-facies-assemblage hydrofacies forces
Harbor Formation and the Nonesuch marginal lacustrine
facies assemblage to migrate laterally up-dip within the Non-
esuch marginal lacustrine facies assemblage itself. Therefore,
to a first order, we can envision x., (maximum fluid-rock
ratio) within the region of thinning against the Porcupine
Mountains Volcanics as the spatial integration of Q..
%0
! /
Tl = 0 (5) ~ Au [ Q) )
X
where the upper limit of integration, xy, is the lateral position
at which the Copper Harbor Formation begins to thin
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Fig. 8. (A) Spatial distributions of maximum fluid-rock ratio, x..(x), and time-integrated leakage, Q,..(x), within the Nonesuch marginal lacustrine facies
assemblage hydrofacies along the model cross-section (A-B) superposed atop model hydrostratigraphy. Note the well-defined spatial maximum in Q,. is located
within the present-day White Pine ore district. (B) Spatial distributions of x..(x) and Q,..(x) within the Nonesuch marginal lacustrine facies assemblage along a
representative transect approximately 100 km east of the Porcupine Mountains Volcanic Structure; compare with (A). The absence of a fluid-focusing mechanism
within the Copper Harbor Formation destroys the well-defined spatial maximum in Q. that is evident in (A). Note that in both (A) and (B), solid-circle and open-
circle curves denote x.. Q... respectively, and CHF denotes the Copper Harbor Formation. The variables listed in this figure are defined in Table 1.
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against the Porcupine Mountains Volcanic Structure, i.c.
where x..(x) displays its basinward inflection point. Again,
we retain the 7, and A, symbols to preserve dimensional con-
sistency. The relationship of equation 5 is clearly evident in
Fig. 8(A).

In our model, the White Pine ore body occupies an
approximately 6-km-wide zone centered approximately
2 km marginward of the maximum in Q,.., near the margin-
ward inflection point in x, (Fig. 8A). We propose that cupri-
ferous brines infiltrating the Nonesuch marginal lacustrine
facies assemblage from the underlying Copper Harbor For-
mation may have migrated laterally within the permeable
and oxidized sandstone and siltstone facies of ore-hosting
marginal lacustrine facies assemblage for significant distances
prior to encountering the reducing conditions thought to
induce copper precipitation. This lateral flow component
may explain the slight marginward translation of the ore body
relative to the maximum in Q... However, our model of
basin-scale groundwater circulation cannot readily resolve
such second-order, i.e. mine-scale, features, which would
require both reaction-path modeling and detailed knowledge
of the Nonesuch marginal lacustrine facies assemblage strati-
graphy within the ore district.

To illustrate the importance of the Porcupine Mountains
volcanic structure as a fluid-focusing mechanism in ore gen-
esis, we constructed a second model cross-section situated
approximately 100 km to the east of the Porcupine Moun-
tains volcanic structure. The spatial distributions of x., and
0., that we obtained with this cross-section are displayed
in Fig. 8(B). The gentle marginward thinning of the Copper
Harbor Formation for lateral positions less than 90 km pro-
duced a monotonic decay in Q... and an overall monotonic
increase in ... The behavior of Q. reflects the marginward
transition from vertical flow to lateral flow in the basal, com-
pacting sediments of intracratonic basins (Bethke 1985). By
equation 5, it follows that y., should increase monotonically
within the hydrologic ‘boundary layer’ (marginal lacustrine
facies assemblage) as the lateral discharge component in
equation 1 increases in the marginward direction in response
to the capture of additional leakage across the contact
between the Copper Harbor Formation and the marginal
lacustrine facies assemblage. These distributions of x., and
0.~ might explain the regional, low-grade stratiform miner-
alization of the marginal lacustrine facies assemblage east of
the White Pine region. However, in the absence of pro-
nounced thinning of the basal aquifer and intense focusing
of lateral flow, it appears that the majority of compaction-dri-
ven discharge within the Copper Harbor Formation simply
escaped the basin via the Nonesuch Formation’s time-equiva-
lent fluvial facies near the basin margin. We thus conclude
that the presence of a fluid-focusing structure, such as the
Porcupine Mountains volcanic structure, was the dominant
control on the spatial distribution of ore bodies within the
basal Nonesuch Formation.

© 2004 Blackwell Publishing Ltd, Geofluids, 4, 1-22
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Model sensitivity to permeability structure

Our baseline model results suggest that the structural and
stratigraphic architecture of the Lake Superior basin con-
trolled the
regime. The observed partitioning of the flow regime would
be maintained for any reasonable set of bulk permeabilities

post-volcanic/pre-compressional  paleoflow

assigned to the model hydrofacies. However, the permeabil-
ity contrasts between the Copper Harbor Formation, the
Nonesuch marginal lacustrine facies assemblage, and lacus-
trine facies assemblage hydrofacies likely controlled the
amount and spatial distribution of compaction-driven dis-
charge that percolated through the ore-hosting strata of the
marginal lacustrine facies assemblage. As stated above, the
permeability of these pre-compressional strata are poorly
known and modern permeability measurements from core
data are probably not representative of basin scale values
(Garven 1985). To quantify the dependence of x., and
Q.. on these permeability contrasts, we performed a sensitiv-
ity analysis in which the permeability contrasts between the
marginal lacustrine facies assemblage hydrofacies, lacustrine
facies assemblage hydrofacies, and the Copper Harbor For-
mation were varied systematically. To facilitate the compari-
son of model results, we define the following permeability
contrast parameters:

& = log (kcur/knea) (6)
1 = log (kcur/kLea) (7)

where kcpr, kvmira, and &y ga represent the bedding-parallel
permeabilities of the subscripted hydrofacies. A value of § =2
corresponds to a permeability contrast of 100 between the
Copper Harbor Formation and the ore-hosting marginal
lacustrine facies assemblage hydrofacies; likewise, a value of
n =4 corresponds to a four-order-of-magnitude permeability
contrast between the Copper Harbor Formation and the
lacustrine facies assemblage (bulk Nonesuch Formation)
hydrofacies.

We analysed first the sensitivity of x., and Q,, to variations
in the Copper Harbor Formation/Nonesuch marginal lacus-
trine facies assemblage bulk permeability contrast (§) by fix-
ing the Copper Harbor
assemblage permeability contrast at the baseline value

Formation/lacustrine facies
(n=4.3) and varying the bulk permeability of the Nonesuch
marginal lacustrine facies assemblage such that & assumed a
range consistent with the lithologies of the upper Copper
Harbor Formation and basal Nonesuch Formation in the
White Pine mine (Mauk 1993). The results of our numerical
experiment are summarized graphically in Fig.9, which
shows the spatial distributions of x., and Q. in the vicinity
of the White Pine ore district for & values of 1.6, 2.1, and 2.6.
The gross structure of x., and Q.. is relatively insensitive to
variations in the Copper Harbor Formation/Nonesuch mar-
ginal lacustrine facies assemblage bulk permeability contrast.
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Fig. 9. Spatial distributions of x., and Q,. in the Nonesuch marginal
lacustrine facies assemblage in the vicinity of the White Pine ore district for
several values of the Copper Harbor Formation/Nonesuch marginal lacustrine
facies assemblage bulk permeability contrast (¢ =1.6, 2.1, and 2.6). Solid and
dashed curves denote y., and Q,.., respectively. Shaded area delineates the
lateral extent of the White Pine ore body. Abbreviations: CHF, Copper Harbor
Formation; MLFA, marginal lacustrine facies assemblage. The variables listed
in this figure are defined in Table 1.

As the permeability contrast is increased, i.e. as & increases,
the lateral position of the local maximum in Q.. remains
nearly stationary, but the width and magnitude of the distri-
bution decreases. The sensitivity of x., to variations in & is
more pronounced, with the maximum value in the ore dis-
trict decreasing by a factor of 4.4 (6200 — 1400) as the Cop-
per Harbor Formation,/marginal lacustrine facies assemblage
permeability contrast is increased by approximately an order
of magnitude, from 1.6 to 2.6.

We performed a similar exercise to determine the influence
of the Copper Harbor Formation/lacustrine facies assem-
blage bulk permeability contrast on the maximum values of
Xoo and Q. within the ore district. We fixed the bulk perme-
ability of the shale-dominated lacustrine facies assemblage at
its baseline value and systematically varied the bulk perme-
ability of the Copper Harbor Formation over a range consis-
tent with lithofacies observed in outcrop; throughout this
process, we adjusted the marginal lacustrine facies assemblage
bulk permeability such that & is approximately 2.1. The resul-
tant spatial distributions of x., and Q.., were identical in
structure to those of the intermediate data set (§=2.1)
shown in Fig. 9 for the entire range of n that we investigated.
The maximum values of both x., and Q.. within the ore dis-
trict, which we plot in Fig. 10, decrease monotonically with
increasing n and approach asymptotic values for n>7. Our
data suggest that both yx., and Q.. are relatively insensitive
to variations in the Copper Harbor Formation/lacustrine
facies assemblage bulk permeability contrast.

Finally, we investigated the influence of a permeable volca-
nic basement of the Porcupine Mountains volcanic structure
on the spatial distribution of x., and Q.. by assigning the
upper 2km of the volcanic hydrofacies a bulk permeability
comparable to that of the superjacent hydrofacies, i.e. kyorc
of approximately 10~'* m?. In this scenario, the Copper Har-
bor Formation and uppermost volcanics behaved as a compo-
site aquifer. Thinning of this composite aquifer near the
Porcupine Mountains volcanic structure was sufficient to
produce a weak maximum in Q.. and an increase in x.,
(by equation 5) within the present-day White Pine ore district
(Fig. 11). Note, however, that the value of ., within the ore
district is less than that of Fig.9 by an order of magnitude.
Hence, we conclude that a permeable volcanic basement
would have destroyed the intense fluid-focusing effect of
the porcupine mountains volcanic structure.

On the basis of our sensitivity study, we draw the following
conclusions regarding the influence of permeability structure
on compaction-driven ore genesis at White Pine: (i) a signifi-
cant permeability contrast between the basal aquifer (Copper
Harbor Formation) and both the underlying volcanics and
the overlying Nonesuch Formation (lacustrine facies assem-
blage) is necessary to focus lateral discharge within the com-
pacting basal aquifer and generate sufficient flow
convergence atop the porcupine mountains volcanic struc-
ture to produce a well-defined spatial maximum in Q...; (ii)
a two-order-of-magnitude contrast in bulk permeability
between the Copper Harbor Formation and marginal lacus-
trine facies assemblage (& of approximately 2) yields spatial
distributions of x., and Q..., consistent with the location
and lateral extent of the White Pine orebodys; (iii) a large value
of &€ generates a ‘sharp’ spatial maximum in Q... but severely
attenuates the maximum value of x, within the ore district;
and (iv) the spatial distributions of x., and Q.. and their
maximum values within the ore district are insensitive to
the bulk permeability contrast between the Copper Harbor
Formation and lacustrine facies assemblage (1), provided that
it is large enough to satisfy condition (i).

Sensitivity to Freda Formation sedimentation rate

The duration of Freda Formation deposition is constrained
by the timing of Nonesuch Formation deposition at
1085 Ma (Ohr 1993) and rift inversion at 1060 420 Ma
(e.g. Cannon et al. 1990; Cannon 1992). Our baseline simu-
lation employs a 25-Myr period of deposition, i.e. 1085-
1060 Ma.
groundwater circulation within thick sequences of imperme-
able sediments, the sedimentation rate exerts a first-order

In traditional studies of compaction-driven

control on the generation of overpressure and the magnitude
of groundwater discharge (Bethke 1985). To investigate the
sensitivity of x.. and Q.. to variations in the rate of compac-
tion, we varied the duration of Freda Formation deposition
by £10 Myr about the baseline value so as to encompass
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Fig. 10. Maximum values of x.. and Q.. within the White Pine ore district for various values of the Copper Harbor Formation/lacustrine facies assemblage bulk
permeability contrast (). Refer to text for details. The variables listed in this Figure are defined in Table 1.

the uncertainty in the duration of rift inversion. We deter-
mined that an increased sedimentation rate amplified the
magnitude and reduced the duration of the pulse of compac-
tion-driven discharge within the Copper Harbor Formation
and Nonesuch marginal lacustrine facies assemblage; conver-
sely, a reduced sedimentation rate generated a longer-lived,
lower-amplitude pulse of compaction-driven discharge.
However, the maximum values of x., and Q.. within the
White Pine ore district changed by less than 10% relative to
the baseline results of Fig. 8(A). We therefore conclude that
the leakage of compaction-driven discharge into the Nones-
uch marginal lacustrine facies assemblage is insensitive to the
compaction rate of the basal aquifer. This is a consequence of
the efficacy with which the Nonesuch Formation’s lacu-
strine facies assemblage impeded hydraulic communication

between the underlying Copper Harbor Formation and the
overlying Freda Formation (7 > 4). Pore fluids in the Copper
Harbor Formation are driven laterally to basin margins,
regardless of the rate of aquifer compaction.

Density-driven circulation and ore genesis

Jowett (1986) ascribed the formation of the Kupferschiefer
stratiform copper deposit in Poland to large-scale free con-
vection within the basal aquifer beneath the ore-hosting
transgressive sequence. Although our baseline simulation
failed to generate free convection within the basal aquifer
(hydrofacies), we performed a sensitivity study to investigate
more thoroughly the potential for free convection to circu-
late cupriferous brines in the Copper Harbor Formation to

300

200

Fig. 11. Spatial distribution of x..(x) and Q,..(x)
in the Nonesuch marginal lacustrine facies assem-
blage hydrofacies along the model transect A-B
with a permeable volcanic basement. Compare
with Fig.9; note the differences in the ranges of
Xoo and Q,.. plotted in Fig. 8 and this figure. CHF
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1

denotes Copper Harbor Formation. The variables
listed in this figure are defined in Table 1.
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the White Pine ore district. We tested two hypotheses: (i) that
stratiform mineralization was formed by free convection con-
temporaneous with Freda Formation deposition; and (ii) that
the inferred timing of stratiform mineralization at White Pine
was incorrect, and that stratiform mineralization, in fact,
post-dated deposition of the Freda Formation but pre-dated
rift inversion. For the latter scenario, in which compaction of
the basal aquifer would have been nearly complete, we
assumed that the Lake Superior basin paleoflow system was
in dynamic equilibrium with its hydrologic and thermal
boundary conditions, which allowed us to use a stream-func-
tion-based model of groundwater circulation and heat trans-
fer (Evans & Raffensperger 1992).

To assess the potential for buoyancy-driven groundwater
circulation within the hydrofacies during deposition of the
Freda Formation, we systematically increased the basal heat
flux, J., above its baseline value of 60 mW m™2 in an effort
to induce free convection. We failed to observe evidence of
organized free convection within the hydrofacies during its
compaction for heat fluxes less than approximately
100 mW m 2. When we observed organized free convection,
i.e. for J,> 100 mW m ™2, it was restricted to the axial portion
of the basin and thus was far removed from the White Pine
ore district. We note that a heat flux greater than 80 mW m 2
is inconsistent with paleothermometers in the Nonesuch For-
mation (Price & McDowell 1993; Price et al. 1996). We
therefore conclude that for all reasonable values of J,, the
compaction-driven flow system established within the hydro-
facies was sufficiently strong to overwhelm free convection
during deposition of the Freda Formation, which indicates
that the first hypothesis posed above (White Pine stratiform
copper mineralization by free convection) is false.

To test the second hypothesis, we employed the stream-
function-based model of Evans & Raffensperger (1992)
and varied the basal heat flux (J,) and consolidation coetfi-
cient, 4, of the hydrofacies systematically (see equations
A.9-A.10 in the Appendix). For the steady-state paleoflow
system, we used the modified Rayleigh-Darcy number, Ra,
to quantify the tendency for organized free convection to
develop in the basal aquifer

Ra— anfZEngAT kxkz
1 (A2 0) (Vi + Vi)

where H and AT scale the thickness of the basal aquifer and

(8)

the temperature difference across it, respectively. With & fixed
at its baseline value of 0.5km™!, we first increased J, by as
much as 40 mWm ™2 above its baseline value but failed to
observe any organized free convection. This result is consis-
tent with the representative values of Ra for the basal aquifer,
all of which were well below a reasonable range of critical
values for a horizontal layer with finite conducting bound-
aries (Riahi 1983; Nield & Bejan 1992).

We next held ], fixed at its baseline value and systematically
decreased the value of & for the hydrofacies, which decreases

the rate of compaction relative to depth of burial and effec-
tively increases the depth at which significant compaction
and resultant permeability reduction occur (by equations
A4 and A.5, respectively). Relative to the baseline value of
0.5km™", it was necessary to reduce & to 0.1 km™! in order
to preserve sufficient porosity and therefore permeability
within the Copper Harbor Formation for free convection
to develop (Figs 12 and 13). Estimated Ra values under this
scenario are above critical values. Organized convection cells
developed deep within the basin, and their geometry was
constrained by the thickness and anisotropy of the Copper
Harbor Formation as well as by the position of lateral bound-
aries (or effectively by thinning on the flanks of the Porcupine
Mountains volcanic structure). However, we failed to observe
convective circulation in the region of stratiform ore miner-
alization. Reducing & (the effective compressibility coeffi-
cient) to 0.1km™' presumes that the Copper Harbor
Formation was significantly under-compacted, such that the
magnitude of compaction-driven discharge would have been
greatly reduced. Within the basin, it thus appears that the
mechanisms of compaction- and buoyancy-driven flows are
mutually exclusive. When significant compaction accompa-
nies burial, porosity and permeability are reduced such that
free convection is unlikely, while for the case of undercom-
paction, i.e. if & is small, free convection may develop, but
groundwater circulation produced by compaction will be
negligible. On the basis of the significant under-compaction
required to generate free convection and the absence of con-
vective circulation proximal to the ore district, we dismiss the
second hypothesis and conclude that buoyancy-driven
groundwater circulation, likely, was not the fluid-impelling
mechanism for ore genesis at White Pine. Ore genesis by
compaction-driven flow remains the most likely scenario to
explain the occurrence of main-stage ore mineralization at
White Pine.

GEOCHEMISTRY

White (1971) inferred a copper concentration of 50 p.p.m.
for White Pine ore-forming fluids, and although concentra-
tions above 10°p.p.m. have not been observed in modern
low-temperature formation waters (Hanor 1979), their exis-
tence has been predicted in aqueous environments character-
ized by high chloride activity and oxygen fugacity (Brown
1971; Rose 1976, 1989; Barnes 1979; Jowett 1986; Sver-
jensky 1987). To estimate copper concentrations of connate
fluids during alteration of highly oxidized volcanic rocks, we
performed simulations using the EQ3/6 geochemical soft-
ware package and SUPCRT92 database (Johnson ez al.
1992; Wolery 1992), which we modified to incorporate the
Cu-Cl-complex association constants from Helgeson
(1969). We sclected a pair of stable mineral assem-
blages, laumontite—paragonite—kaolinite—quartz (L-Pa-K-

Q) and albite—paragonite—prehnite—quartz (A-Pa-Pr-Q), to
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approximate by equilibration the chemistry of pore fluids
within the oxidized volcaniclastic sediments. Oxygen fuga-
city, fo,, was constrained by either Cu’~CuO or Fe 03—
Fe304 buffer assemblages, total chloride (2Cl) was allowed
to range between 0.5 and 1.0 M, and copper solubility at each
condition was estimated from the saturation of native copper
Cu®. Redox conditions of the Copper Harbor Formation are
inferred from mineralogic evidence. Both copper and iron in
the Copper Harbor Formation were probably altered to
cuprite (CuO) and hematite (Fe,O3) during fluvial transport
and deposition. Butler & Burbank (1929) state that the bulk
of the iron oxide in the Conglomerate is hematite, which was
the result of primary weathering and oxidation. Scofield
(1976) found that native copper associated with iron-bearing
minerals such as titanomagetite in unaltered (nonminera-
lized) portions of basalt flows of the Portage Lake Volcanics.
This native copper could have been entrained into the red-
beds of the Copper Harbor Formation, and subsequently
oxidized to cuprite.

Equilibration of pore fluids with the above assemblages
over a temperature range of 50-150°C produced Na-Ca-
Cl brines with Na/Ca ratios similar to those of modern for-
mation waters (Hanor 1979) and pH values of 5.8-7.2. The
temperature dependence of copper concentrations for the

© 2004 Blackwell Publishing Ltd, Geofluids, 4, 1-22

assemblages at several 2Cl molarities is displayed in Fig. 14;
apparently, potent ore-forming brines may be generated if
Cu®-CuO is the oxygen buffer and if SCl is greater than that
of seawater. Copper solubility is reduced by approximately
four orders of magnitude. if, fo, is constrained by the
Fe;O3-Fe;04 redox buffer, Fig. 14 suggests that the pre-
sence of CuO (cuprite) in the alteration assemblage, and
3.Cl molarities higher than those of seawater in the mineraliz-
ing fluid provide sufficient copper concentrations to generate
an ore deposit with the low water-rock ratios (x) character-
istic of a compaction dominated system.

The paleoflow model output provides a range of hydrolo-
gically reasonable x., values within the Nonesuch marginal
lacustrine facies assemblage at White Pine, and the data of
Fig. 14 constrain the potential copper concentration Cg,
within the aquifer. The ore within the Nonesuch marginal
lacustrine facies assemblage at White Pine, mc,, must satisfy
the following first-order expression of mass balance:

Mmcu = Xoo CCupfg (9)

where Cc, and pyare, respectively, the average copper con-
centration in the ore-forming fluid and the density of
that fluid. The presence of a lateral flow component within
the permeable, oxidized strata of the Nonesuch marginal
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Fig. 13. Porosity-depth and permeability-depth curves for the steady-state
postcompaction simulations shown in Fig. 12. The curves are for the center of
the basin and for two values of b for the Copper Harbor Formation. CHF
denotes the Copper Harbor Formation. The variables listed in this figure are
defined in Table 1.

lacustrine facies assemblage introduces the possibility of lat-
eral (up-dip) brine migration over significant distances prior
to metal precipitation. Without resorting to reaction-path
modeling, we can quantify this effect with a depositional effi-
ciency, ¢. In the absence of a lateral flow component within
the Nonesuch marginal lacustrine facies assemblage, i.e. if

&> 1, e would assume a value of unity, because all dissolved
copper crossing a unit area of the Copper Harbor Forma-
tion/Nonesuch marginal lacustrine facies assemblage contact
would precipitate to form an ore column within the marginal
lacustrine facies assemblage of height onoprCl,mclfl,
where mc, is the average ore grade. In the presence of a lat-
eral flow component, ¢ quantifies the extent to which the ore-
hosting marginal lacustrine facies assemblage “filters’ copper
from the infiltrating brines.

We used equation 9 to generate a family of curves
(Fig.15), each member of which represents the locus of
fluid—rock ratio and ore-forming fluid copper concentration
pairs (Xo0,Ccu) that satisfies the mass-balance constraint
at White Pine, i.e. mc, approximately 30 kg Cum > rock,
for a specified depositional efficiency. The data of Fig. 15
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Fig. 15. Family of lines, each member of which represents the locus of fluid—
rock ratio and ore-forming-fluid copper concentration pairs (x..,Ccy) that
satisfy the mass-balance constraint at White Pine (mc, of approximately 30 kg
Cum~3 rock) for a specified efficiency (¢) of copper deposition. The variables
listed in this figure are defined in Table 1.
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indicate that cupriferous brines derived from the consolidat-
ing hydrofacies could satisty the mass-balance requirement at
White Pine under a variety of reasonable hydrologic (x.,) and
geochemical (Cc,, €) scenarios.

DISCUSSION

As the Porcupine Mountains Volcanic structure is situated
between two depocenters, the Allouez and Marquette sub-
basins, along the Lake Superior syncline (Fig. 1), our cross-
sectional models may under predict the degree of compac-
tion-driven fluid focusing along the southern margin of this
basin. The Porcupine Mountains Volcanic structure behaves
like a blunt, semicircular dome in the otherwise uniform
thickness Copper Harbor Conglomerate. In map view, com-
paction-driven discharge from each depocenter combines to
yield a more or less uniform north—south-directed flow field
impinging on the Porcupine Mountains Volcanic structure.
Our vertical leakage model, in which lateral flow in the
Copper Harbor Formation is forced up into the basal
Nonesuch by overall aquifer/confining unit thinning, best
explains the observed spatial distribution of mineralization
at Presque Isle, White Pine, and far along strike (up the
Keweenaw and down into North-Eastern Wisconsin).

Grigorita & Brown (2001) recently attributed ore forma-
tion at White Pine to thermally driven free convection of oxi-
dized brines within the Copper Harbor Formation because of
residual heat from felsic volcanism and associated plutonism.
However, the tendency for free convection scales with the
thickness and the permeability of the aquifer. The Copper
Harbor Formation thins abruptly from about 2 km to about
100 m atop the Porcupine Mountains Volcanic Structure. In
the absence of an extremely large thermal anomaly beneath
the Porcupine Mountains Volcanic structure, it seems unli-
kely that convection would nucleate where the aquifer is so
thin. As the timing of felsic volcanism significantly predated
White Pine ore formation, the residual heat hypothesis of
Grigorita & Brown (2001) seems hard to justify.

The results of our study support the following genetic
model of stratiform copper mineralization within the Lake
Superior basin that, in many respects, represents a synthesis
of well-established concepts regarding the source, long-dis-
tance transport through the Copper Harbor Formation,
and deposition of copper within the basal Nonesuch Forma-
tion. In our model, the volcaniclastic Copper Harbor Forma-
tion was the ultimate copper source. Oxidation of these
sediments during fluvial transport and temporary subaerial
exposure converted native copper to cuprite and iron to
hematite. Subsequent burial and heating of the Copper
Harbor Formation in the presence of seawater or Na—Ca—
Cl lacustrine-derived brines generated highly oxidized pore
fluids with 10*~10% p.p.m. concentrations of chloride-com-
plexed copper. These ore-forming fluids were driven up-dip
(marginward) within the basal aquifer in response to its
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compaction during deposition of the Freda Formation.
Regional-scale (along strike) stratiform mineralization of
the basal Nonesuch Formation was produced by stratigraphic
thinning of the basal aquifer/confining unit near the basin
margins, which induced vertical leakage of compaction-dri-
ven discharge into the superjacent marginal lacustrine facies
assemblage facies and precipitation of copper in accordance
with the well-established overprint model of metal deposition
(Brown 1992). The White Pine and Presque Isle ore bodies
were formed atop the flanks of the Porcupine Mountains
Volcanic structure in response to intense focusing of compac-
tion-driven discharge within the constricted basal aquifer.

Traditional studies of compaction-driven groundwater cir-
culation as a potential ore-forming mechanism focused on
environments in which the rapid deposition of thick
sequences of low-permeability sediments, i.e. aquitards, gen-
erated impressive overpressure (Sharp & Domenico 1976;
Bethke 1985). In these studies, the thick aquitard was the
source of ore-forming fluid, and its compaction was the
basin-scale fluid-impelling mechanism. In our model, aquifer
compaction was the delivery system for ore-forming fluids in
the Lake Superior basin. We have demonstrated that the
transgressive sequence, i.e. the Nonesuch Formation, exerted
a first-order control on the hydrodynamic evolution of the
Lake Superior basin. Throughout deposition of the Freda
Formation, the Nonesuch Formation partitioned the Lake
Superior basin’s flow regime into a marginward-directed,
compaction-driven flow system within the basal aquifer and
a basinward-directed, topography-driven flow system in the
overlying aquifer (Freda Formation). The transgressive
sequence prevented the vertical expulsion of pore fluids from
the compacting basal aquifer and focused this discharge later-
ally to the basin margins. In addition, the Nonesuch Forma-
tion sequence formed the necessary chemical sink for
cupriferous brines near the basin margins.

The original intention of our study was to extend White’s
(1971) seminal work by synthesizing new basin-scale geo-
physical data and high-resolution chronological data with
quantitative techniques for modeling basin-scale ground-
water circulation. A critical comparison of the two models
is thus illuminating. The results of our study support several
of White’s original hypotheses, including: (i) regional-scale
stratiform mineralization and the formation of the White
Pine ore body could be ascribed to the marginward (up-
dip) migration of pore fluids driven from the compacting
basal aquifer (hydrofacies); (ii) the economic grade of copper
mineralization at White Pine is attributable to intense struc-
tural focusing of lateral discharge within the thinning hydro-
facies, regardless of the marginward fluid-impelling
mechanism; (iii) a 10-Ma period of ore genesis via compac-
tion of the basal aquifer is reasonable; (iv) the oxidized volca-
niclastics of the Copper Harbor Formation formed an ample
copper source; and (v) a copper concentration of 50 p.p.m. in
the ore-forming fluid is geochemically plausible.
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However, of the two hydrologic scenarios he presented to
explain stratiform copper mineralization at White Pine, White
(1971) favored a topography-driven flow system within the
basal aquifer that was fed by meteoric recharge along the
north flank of the Lake Superior syncline and discharged
south of the present-day ore district. Garven (1985) also
argued for this mechanism in the formation of the White Pine
ore body. Although such a model can explain the spatial dis-
tribution of ore bodies and easily satisfies mass-balance con-
straints within the ore district, it is inconsistent with both the
new data on the structural information of the Lake Superior
basin (Cannon ez al. 1990) and the timing of stratiform
mineralization (Ohr 1993). The Freda Formation consists
of shallow-dipping, basinward-directed seismic reflectors that
are distributed symmetrically about the syncline axis (Allen
1994; Allen et al. 1997). Paleocurrent indicators in exposures
of the formation are consistent with basinward-discharging
fluvial systems (Daniels 1982). On the basis of these strati-
graphic data, we infer that the water-table configuration
throughout Freda Formation deposition was broadly sym-
metric about the syncline axis and possessed a gradient that
scaled with the depositional slope of the fluvial systems. It fol-
lows that the water-table slope was significant only very near
the basin margins. Therefore, if stratiform mineralization of
the basal Nonesuch Formation was contemporaneous with
deposition of the Freda Formation, as is indicated by both
relative and absolute dating techniques, then we consider it
unlikely that such a water-table configuration could have
generated the type of deep, north—south-orientated, cross-
basin groundwater circulation within the basal aquifer that
White (1971) and Garven (1985) envisioned.

Mountain building during late-stage closure of the Mid-
continent Rift System may have generated a basin-wide,
water-table geometry of the type generally invoked to explain
stratiform mineralization (Garven 1985). However, this far-
field compression post-dated stratiform mineralization at
White Pine by 20-30 Ma (Bornhorst et al. 1988; Cannon
1992; Mauk et al. 1992; Ohr 1993), although it may have
been responsible for native copper mineralization at White
Pine, as proposed by Garven (1985). Furthermore, on the
basis of deep seismic reflection data, Cannon et a/. (1989)
suggested that rift inversion was asymmetric, with the maxi-
mum displacement along the Keweenaw Fault, which lies to
the south of the White Pine ore district (Fig. 1). This pattern
of uplift may have generated significant water-table relief, but
much of the topography-driven flow would have been north-
ward directed.

CONCLUSION

We present the results of a two-dimensional mathematical
model of variable-density groundwater flow and heat transfer
that we applied to a cross-section through the Lake Superior
syncline of the Midcontinent Rift System. The objective of

our study was to determine the relative importance of
sediment-compaction, buoyancy, and water-table topo-
graphy as basin-scale fluid-impelling mechanisms for the
transport of cupriferous brines to the White Pine ore district.
Combined with recent geophysical, geochemical, and
chronological data, our model results suggest that the cupri-
ferous brines responsible for regional-scale stratiform copper
mineralization of the basal Nonesuch Formation were
derived from the consolidating basal aquifer (Copper Harbor
Formation) and migrated marginward (up-dip) within this
aquifer in response to compaction caused by the deposition
of the overlying Freda Formation. We conclude that strati-
graphic thinning of the basal aquifer near the basin margin
induced leakage into the lowermost facies of the overlying
Nonesuch Formation, where copper was precipitated in
response to a change in redox conditions. We attribute the
formation of the Presque Isle and White Pine copper miner-
alization to the intense focusing of compaction-driven dis-
charge, and corresponding amplification of leakage, in
response to pronounced thinning of the Copper Harbor
Formation (and to a lesser degree, thinning of the Nonesuch
Formation) atop the Porcupine Mountain Volcanic Struc-
ture. Such fluid focusing represents a primary paradigm for
future stratiform copper exploration in the Midcontinent
Rift System.

Our model of stratiform copper mineralization satisfies
important constraints on the timing of the ore-forming event
as well as on the spatial distribution of ore grade. In addition,
geochemical modeling indicates that oxidized, chloride-rich
pore fluids within the compacting basal aquifer could have
transported sufficient copper to satisfy mass-balance con-
straints within the ore district.

Compaction-driven groundwater circulation generally is
disregarded as an effective ore-forming agent. Indeed, we
do not advocate sediment compaction as the ubiquitous
basin-scale metal-transport mechanism in stratiform ore gen-
esis; that role is better satisfied by topography-driven circula-
tion (Garven & Freeze 1984a,b). Rather, our study indicates
that under favorable conditions of intense stratigraphic and
structural fluid focusing and high metal solubility, compac-
tion-driven groundwater circulation may be capable of gener-
ating economic-grade stratiform mineralization in a layered
aquifer/confining unit system. In the case of White Pine,
the presence of a transgressive sequence (Nonesuch Forma-
tion) was critical to the formation of the ore deposit: in addi-
tion to serving as the ultimate sink for copper, the sequence
formed an ideal focusing mechanism for fluids driven from
the consolidating Copper Harbor Formation. The funda-
mental characteristics of the White Pine ore body (i.e. an
ore-hosting transgressive sequence overlying a redbed aqui-
fer, a continental rift environment, and a diagenetic timing
of mineralization) are common to many stratiform copper
deposits (Brown 1992), which suggests, perhaps, that the
conclusions of our study may apply to other basins.
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APPENDIX: MATHEMATICAL MODEL

We adopt the methodology of Garven & Freeze (1984a,b)
and Person & Garven (1994) for representing two-dimen-
sional groundwater circulation and heat transfer in evolv-
ing sedimentary basins. A cross-sectional representation of
the paleoflow field is justified by the large ratio of longi-
tudinal (strike-parallel) to transverse length scales that
characterizes the curvilinear Lake Superior syncline (Fig. 1).
We describe variable-density groundwater circulation in a
compacting porous medium with a head-based governing
equation that is a combination of fluid-phase mass con-
servation:

. oh — prOL oT
=V peq = Sipr {——Fu—} + dprar——

ot pr Ot ot (A1)

and Darcy’s Law (see Table 1 for definition of symbols):

7= (4 4:) = —% (K] {Vh + uw} (A2)

Po

In a vertically consolidating medium, conservation of the
solid phase is (Bethke & Corbet 1988):

av, 1 09
9z 1-—¢otr (A.3)

Porosity decays exponentially with increasing effective stress
(Hubbert & Rubey 1959):

bo.
20— A (A-4)

Both permeability and specific storage are functions of poros-
ity (Bethke 1985; Bethke & Corbet 1988; Neuzil 1994):

log (ky/ko) = 16+ co
Pt b¢

S - A=9)

We describe heat transfer via conduction and groundwater

¢ = ¢y exp {—

(A.5)

(A.6)

advection with a temperature-based continuity equation:
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Table 1 Notation (dimensions: M, mass; L, length; T, time; 6, temperature).

Symbol Dimensions  Description

ar 6" Thermal expansivity of porous medium

b Lrm’ Porous medium consolidation coefficient

Bwr L’ Water-table spatial decay parameter

C 0 Pore-fluid salinity (mass fraction)

X 0 Fluid-rock ratio

Xoo 0 Maximum fluid-rock ratio

Ceu 0 Local efficiency of copper precipitation

Crnax 0 Maximum pore-fluid concentration

Cor € 0 Empirical coefficients kK - ¢

Ch Cs L>’T260""  Fluid and solid specific heat capacities

d L Depth below land surface

[D] [ Hydrodynamic dispersion tensor

Amax L Maximum depth of pore-fluid salinity variation

& 0 Local efficiency of copper precipitation

o, do, Or 0 Porosity, depositional porosity, representative
porosity for the Nonesuch marginal lacustrine
facies

g LT2 Gravitational acceleration

h L Hydraulic head (freshwater equivalent)

H L Aquifer thickness

n 0 Log permeability ratio; n =log (kche/kira)

h¢ L1 Fluid specific enthalpy

hwr L Prescribed water-table configuration

hen L Water table at alluvial fan head

n 0 Identity tensor

1, MT2 Basal heat flux

[kl L2 Permeability tensor

ko L2 Reference permeability

Ky, ky L2 Bedding - parallel and perpendicular permeabilities

kerr kiea, L2 Permeability of Copper Harbor Formation (CHF),

Knira Lacustrine Facies (LFA), and Marginal Lacustrine
Facies (MLFA)

L L Sediment thickness

Ay s MLT~36~"  Fluid and solid thermal conductivities

] MLT30~"  Thermal conduction—dispersion tensor

o ML~ Fluid viscosity

Mcy ML—3 Metal (copper) mass per unit rock volume

G—; G g, LT? Darcy Flux vector; Components of Darcy flux in
x- and z-directions

Q, L Time-integrated leakage

Q0 L Maximum time-integrated leakage

Ra 0 Rayleigh number

Do mL—3 Reference fluid density

Pt Ps mL—3 Fluid and solid densities, respectively

e L~'"T2M  Effective stress on porous medium

S, L’ Specific storage

Swr 0 Linear water-table slope

t T Time

T 0 Temperature of porous medium

Vs L7’ Vertical velocity of solid phase

V, L3 Unit volume of rock

XFH L Lateral position of alluvial fan head

17 ML2T" Stream Functions

£ 0 Log permeability ratio; &= log(kchr/Kmira)

z L Elevation above datum

Note that we ignore heat production by radiogenic decay of
the volcaniclastic basin fill. Following Combarnous & Bories
(1975) and Garven & Freeze (1984a), we expand the
conduction—dispersion tensor in terms of the solid and liquid
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thermal conductivities and the hydrodynamic dispersion
tensor:

(W] = {20 1) + pree[ D] (A8)
We couple the governing equations for groundwater circula-
tion and heat transfer, i.e. equations 1, 2, and 7, with second-
order polynomial expressions that relate fluid density to tem-
perature and pressure (Kestin ez al. 1981). Representative
values of rock and fluid properties are compiled in Garven
& Freeze (1984a), De Marsily 1986), and Bethke & Corbet
(1988).

We also present simulations of paleoflow after basin forma-
tion, but prior to tectonic inversion, using a coupled model
of steady-state stream-function-based groundwater circula-
tion and heat transfer that is described in Evans & Raffensper-
ger (1992). This approach provides advantages in quantifying
and visualizing strongly density-dependent groundwater

circulation. The discharge vector and governing equation
for groundwater circulation are:

B 1/ o ow
[k e 0 (Pf - Po)

V. Vo — 2 (kP A10
] 7205 a2\ (A.10)

We use a Galerkin-based finite element formulation to obtain
approximate solutions to the governing equations for
groundwater circulation and heat transfer in both the transi-
ent and steady-state models. We solve the one-dimensional
solid-phase conservation equation via a finite-difference tech-
nique (e.g. Huyakorn & Pinder 1983). In the transient
model, basin growth requires dynamic re-meshing of the
solution domain throughout the simulation (e.g. Fig.4B,C).
Details of the numerical solution approach are contained in
Person et al. (2000).

© 2004 Blackwell Publishing Ltd, Geofluids, 4, 1-22



