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Abstract

Paleosea-floor, volcanic-associated massive sulfide mineralization has been discovered 50 to 150 m upsection
from a Late Archean peridotitic komatiite flow, where the flow is thickest in a thermal erosion channel. The
Terminus massive sulfide occurrence is within carbonaceous argillites that are intercalated with basaltic ko-
matiite flows and flow breccias. It contains appreciable Zn and Cu contents and is associated with silicification
and chlorite-epidote alteration.

Ultramafic magmas are ideal heat sources for hydrothermal convective systems because of their extremely
high liquidus temperatures and their tendency to become less permeable during serpentinization, which im-
pedes advective cooling. Heuristic calculations indicate that there is sufficient enthalpy in the peridotitic ko-
matiite flow to drive the hydrothermal system responsible for the Terminus mineralization. This hypothesis is
tested using two-dimensional, finite element heat and fluid-flow simulations. The results suggest that, under
the right circumstances (1) relatively thick komatiite flows may take hundreds of years to cool; (2) komatiite
flow-driven hydrothermal systems can form sea-floor or subsea-floor deposits comparable in mass to those
along the mid-Atlantic Ridge; (3) much of the metal leaching by hydrothermal fluids occurs below, and adja-
cent to, the flow; and (4) the shape of heat source komatiite flows, or subsea-floor magma chambers, affects
the locus and distribution of hydrothermal upwelling. Similar, base metal-precipitating paleohydrothermal sys-
tems are present above ponded komatiite flows broadly along strike at the Potter Zn-Cu deposit in Munro
township, Ontario. These paleohydrothermal systems, and the calculations presented here, suggest that thick,
ponded basaltic flows on the modern sea floor have sufficient enthalpy to form significant hydrothermal sul-
fide accumulations.

and Fyfe, 1985; O’Hanley, 1996). Despite these attributes,
komatiite flows have not been considered as heat sources for
volcanic-associated massive sulfide deposits. There are few
volcanic-associated massive sulfide deposits or occurrences
known to be associated with komatiites, and komatiites are
generally considered to be relatively thin flows that cool in
weeks to months in subaqueous settings (Bickle, 1982; Hup-
pert et al., 1984), too quickly to generate significant sea-floor
hydrothermal deposits (Cathles, 1983).

In this study, the geology of the Terminus Zn-Cu sulfide oc-
currence is described in relationship to the proposed heat
source Empire peridotitic komatiite flow. A geologically real-
istic physical model of this setting is then simulated using a
two-dimensional, finite element heat and fluid-flow model.
The results are quantified in terms of the mass and tempera-
tures of hydrothermal fluid vented on the paleosea floor and
compared to the Terminus mineralization. The results pre-
sented here support the geologic evidence that enthalpy from
the cooling Empire flow was responsible for hydrothermal
circulation that led to the sulfide mineralization at Terminus.

Introduction

The majority of sea-floor and paleosea-floor sulfide de-
posits in volcanic settings are a product of magma chamber-
driven hydrothermal convection, where metals are leached
from surrounding rocks and precipitated at or near the sea
floor when the hydrothermal fluids mix with cool seawater
(Franklin et al., 1981; Hannington et al., 1995; Barrie and
Hannington, 1999). However, many volcanic-associated mas-
sive sulfide deposits are not associated with observable syn-
volcanic intrusions, and their ultimate heat source is unclear.
This study documents a paleosea-floor sulfide occurrence
that is clearly linked to a cooling komatiite flow rather than a
mafic or felsic magma chamber at depth. Ultramafic magmas
are ideal heat sources for hydrothermal convective systems,
principally because they have extremely high liquidus tem-
peratures of >1,350° to 1,650°C (Bickle, 1982; Nisbet, 1982).
They also may crystallize olivine in abundance, which adds to
the enthalpy of the system as olivine has a high latent heat of
crystallization (Sparks, 1986). Furthermore, they remain less
permeable than other magmas and/or rock types during cool-

ing because of serpentinization, which occludes fluid flow and
prevents their convective cooling (Lister, 1974; MacDonald
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More generally, the results also support the contention that
thick, ponded basaltic flows on the sea floor can, under the
right circumstances, generate significant sea-floor sulfide ac-
cumulations today.
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Geologic Setting: Along Strike with the Giant Kidd Creek
Volcanic-Associated Massive Sulfide Deposit

The Terminus Zn-Cu sulfide occurrence is within the 2.71
to 2.72 Ga Kidd-Munro assemblage, a 180- X 2- to 12-km
belt of ultramafic, mafic, and felsic rocks, extending from the
giant Kidd Creek volcanic-associated massive sulfide deposit
area north of Timmins to the Ontario-Quebec border (Jack-
son and Fyon, 1991; Fig. 1). The most prominent feature in
the host stratigraphic succession is the Dundonald sill, a rela-
tively unaltered, 20- X 0.8-km mafic-ultramafic intrusion.
The Dundonald sill cuts the adjacent volcanic strata. Upsec-
tion from the Dundonald sill are dacite-andesite, komatiite,
argillite, and basalt units, including the Empire peridotitic ko-
matiite flow (Fig. 1). A dacite in this stratigraphic succession
has a U-Pb zircon age of 2717.3 + 1.2 Ma, and the Dundon-
ald Sill has a U-Pb age of 27073" Ma (Barrie et al., 1999a).
Thus the sill is younger by ~10 m.y. than the strata that are
host to the Terminus occurrence. The dacite U-Pb age is in
agreement with an average galena Pb isotope model age of
2717.6 + 4 Ma for the Terminus occurrence, using the Abitibi
Pb isotope model of Thorpe (1999; App. 1).

The Terminus area stratigraphic succession is coeval with
footwall rocks of the giant Kidd Creek volcanic-associated
massive sulfide deposit (>150 Mt Cu-Zn-Ag sulfide ore; Han-
nington and Barrie, 1999), 40 km along strike to the west
(Fig. 1). Komatiites are the most abundant rock type in the
footwall section at Kidd Creek. The komatiites are interca-
lated with massive and epiclastic rhyolite, beneath the ore
and the ore-hosting mine rhyolite unit. Outside the immedi-
ate mine area and at approximately the same stratigraphic
level as the orebodies are chemically distinctive, low Ti basalt
units, which are also present immediately upsection from the
Terminus occurrence (Barrie, 1999; Barrie et al., 1999a;
Wyman, 1999). The Kidd Creek footwall rocks are 2717 + 2
to 2714.4 + 1.0 Ma (Barrie and Davis, 1990; Bleeker et al.,
1999).

The rocks in the vicinity of the Terminus occurrence have
been subjected to two Late Archean folding events responsi-
ble for near-upright isoclinal folds, and then a transpressional
event that produced the major gold-bearing east-west struc-
tures to the south. The stratigraphic succession has been
folded into a west-facing west fold, with an open northern
syncline and a tight southern syncline that is complicated by
axial planar and other faults (Fig. 1b).

The Empire peridotitic komatiite flow

The Empire flow, 70 to 180 m thick, is a peridotitic ko-
matiite flow or series of flows that contain the Dundeal Ni de-
posit and probably the Dundonald South and Alexo deposits
as well (Figs. 1b, 2). The Empire flow has a lower, medium-
grained, meso- to adcumulate peridotite-dunite section 40 to
85 m thick, an upper, medium- to fine-grained and locally
aphanitic section of peridotite and pyroxenite with minor gab-
broic sections of approximately equal thickness, and spinifex-
bearing flow-top breccias from 0 to 10 m in thickness. Flow-
top breccias and olivine spinifex at the top of the Empire flow
commonly form multiple layers, and these are intercalated
with graphitic and locally sulfidic argillite. The flow top is ab-
sent locally, and textures are consistent with erosion during
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emplacement of the overlying flow prior to crystallization.
Olivine spinifex is locally bent or broken, an indication of bur-
ial by overlying flows prior to complete cooling (Gole et al.,
1990). The meso- to adcumulate peridotite-dunite base of the
flow is thickest in the vicinity of the Dundeal Ni deposit and
the Terminus hydrothermal mineralization, and the flow
geometry suggests a thermal erosion channel in this area (Fig.
2; Barrie et al., 1999a). The paleovertical wall in Figure 2b
may thus represent a thermal erosion cut bank. The basal 1 to
3 m of the Empire flow is fine grained to aphanitic and com-
monly has moderate to strong chlorite and magnesite alter-
ation. The base and 1 to 20 m of the adjacent host rock are cut
by quartz-chlorite— or quartz-epidote—filled veinlets and hair-
line fractures. These veinlets and fractures are believed to re-
flect hydrothermal circulation at the margins of the flow dur-
ing cooling.

Above the Empire flow are thinner basaltic komatiite and
basaltic flows that are intercalated with graphitic and locally
sulfidic argillite. The basaltic komatiite flows are generally
well-preserved, with cumulus bases and spinifex-textured
flow-top breccias, although in places flow tops are absent,
with alternating peridotite and pyroxenite cumulate subunits
on a scale of meters to tens of meters. The interflow sedi-
ments commonly exhibit peperite textures in contact with the
komatiite flows that indicate the flow was emplaced into wet
sediments (Busby-Spera and White, 1987). In places the
peperite textures are preserved as delicate eggshell breccias,
where shattered spherical glass rinds are mixed with graphitic
argillite.

Terminus Zn-Cu occurrence

The Terminus Zn-Cu (+ minor Pb and Ag) sulfide occur-
rence is within graphitic and sulfidic argillite and basaltic ko-
matiite-komatiitic basalt flow-top breccias, upsection 50 to
100 m from the top of the Empire flow, and ~350 to 400 m
upsection of the Dundonald sill (Fig. 2). It is present only
within 250 m of the thick peridotite-dunite core of the Em-
pire flow, although minor pyrite occurrences occur along
strike for several kilometers. The mineralization is discontin-
uous along strike and updip. It is characterized by semimas-
sive and locally massive sulfide mineralization, with laminar
and nodular pyrite-pyrrhotite concentrations, and bedded
and veined sphalerite, chalcopyrite, and galena. The textures
in the sulfide and at contacts with adjacent flows are well-pre-
served (e.g., preservation of delicate eggshell breccia tex-
tures), and centimeter- to millimeter-scale layering in sulfide
is interpreted to represent primary bedding. The best inter-
section has semimassive sulfide in graphitic argillite, with 7.53
percent Zn, 1.37 percent Cu, 0.13 percent Co, 46 ppm Ni, 0.1
percent Pb, 1.1 ppm Au, 29.1 ppm Ag, Pt <20 ppb, and Pd
<20 ppb, over an estimated true thickness of 7.5 m. Most of
the other mineralized intersections have Zn/Cu = 3 to 100.
Although a geologic resource has not been calculated to in-
dustry standards, the occurrence is estimated to have at least
5,000 to 15,000 t of ore-grade or near ore-grade material above
a 500-m depth. The encompassing komatiite and komatiitic
basalt flows exhibit weak to moderate serpentinization, over-
printed by weak to moderate chlorite alteration and minor
silicification. The silicification is confined to within ~10 m of
the mineralization and to the margins of the Empire flow.
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Fic. 1. a. Location map of the Terminus area within the Abitibi sub-
province of Ontario and Quebec, Canada. b. Geology of the Dundeal-Termi-
nus area. Modified after Barrie et al. (1999a).
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F1G. 2. West-southwest-facing cross sections based on drilling. a. Line
1850 (m) west. The Empire flow basal peridotite-dunite is core ~100 m thick.
b. Line 1800 west. The basal camulates are ~225 m thick, adjacent to a pale-
overtical wall. The geometry suggests a thermal erosion channel. The core of
the Dundeal Ni deposit is in this section. c. Line 1700 west. The Empire flow
is overlain by significant Zn-Cu mineralization. d. Line 1600 west. The Em-
pire flow flattens but is still ~150 m thick with an ~80-m-thick cumulate base.
Modified after Barrie et al. (1999a).
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Fic. 3. a. Physical model for the Empire flow, based on section 1850 west
in Figure 2. b. Temperature in finite element grid 25 yr after simulation
starts. Vectors represent average direction of fluid flow for an area. c. Per-
meability at 25 yr, in millidarcy log units. The hot komatiite flow remains im-
permeable until it cools to <~500°C when thermal cracking begins.

Heat and Fluid-Flow Modeling for
a Cooling Komatiite Flow

It is instructive to estimate the maximum mass of hydro-
thermal fluid venting at an average temperature of 200°C that
can be produced by an intrusion. This can be calculated sim-
ply by balancing the heat lost from a cooling mass against heat
gained by heating seawater from its ambient temperature on
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the sea floor to 200°C and considering the heat capacity of
rock and water, as follows:

(magma temperature — 200°C) X
mass of intrusion X 1/3 cal/g°C =
(200° — 0°C) %
mass of hydrothermal fluid X 1 cal/g°C. (1)

The volume of the Empire flow in the flow channel be-
neath the Terminus occurrence (Fig. 3) is 200 m thick X
(375) m in average width X 200 m along strike = 1.5 X 107
m?. At 2.7 g/cc, this corresponds to a mass of 4.05 X 107 t. The
liquidus temperature is 1,440°C, based on the anhydrous chill
composition of the flow (Barrie et al., 1999a) and the MgO
geothermometer for komatiites of Bickle (1982). Using these
values and the equation above, this corresponds to 8.37 X 107
t of hydrothermal fluid at an average temperature of 200°C.
If a hydrothermal fluid can transport ~10 ppm Zn + Cu at this
temperature (Large et al., 1989), this corresponds to 8.37 X
102 t of metal or 8.37 x 10° t of sulfide with 10 percent
combined Zn and Cu content. This is a reasonable estimate
for the mass of the known base metal-bearing sulfide at
Terminus.

A two-dimensional physical model, based on the cross sec-
tion in Figure 2b, has a komatiite flow with a maximum thick-
ness of 200 m, a width of 500 m, and thinner overbank de-
posits that extend to either side (Fig. 3a). The substrate is
given a bulk permeability of 1 mD (= 107'5 m?), the overlying
rocks a value of 10 mD, and the komatiite is given 0.1 mD ini-
tially, in keeping with permeability reduction during serpen-
tinization. Volcanic rocks in the upper oceanic crust have sim-
ilar permeabilities (e.g., DDH 504B, East Pacific Rise;
Anderson et al., 1985). A thermal cracking subroutine is in-
corporated that increases permeability over a temperature
range of 275° to 475°C and decreases permeability at higher
temperatures (Lister, 1974; Cathles, 1983; Barrie et al.,
1999b, ¢). The calculations do not take into account latent
heat of crystallization, which, for olivine, would add ~15 to 20
percent enthalpy during crystallization (Sparks, 1986). The
finite element grid is refined (e.g., has more finite elements)
at the edges and above the flow. The walls and floor of the fi-
nite element grid are insulating and impermeable. The top
boundary (paleosea floor) is insulating but allows the passage
of fluid flow, following Cathles (1983). Deep-water conditions
and nonboiling fluids are assumed. Time steps for the finite
element simulation presented here are based on mathemati-
cal convergence for each step and range from 1 to 20 yr.

Results

The two-dimensional finite element case presented here
ran until no hydrothermal venting >100°C occurred, for 430
yr, effectively simulating all of the base metal-transporting hy-
drothermal circulation (Fig. 4). At this stage the core of the
komatiite has cooled to <250°C. At the onset of convection,
fluid flow migrates along the komatiite flow base and vents
vigorously above the wingtip edges but remains below
~150°C. The base of the right side of the komatiite slopes up-
ward, and this side draws more hydrothermal fluid than the
vertical wall on the left side. The central venting builds soon
thereafter, with vent temperatures approaching 250°C but
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for reference.

averaging ~170°C in this area. Most of the hydrothermal fluid
venting occurs at 100° to 200°C (Fig. 4c) above the central
core of the cooling komatiite flow. Downwelling occurs at the
margins of the flow and, once the overbank deposits are
cooled sufficiently, at the margin of the central flow core.
The cumulative mass of hydrothermal fluid vented over 430
yr is 847.6 t/m?, whereas the cumulative masses at >100° and
>200°C are 739.6 and 213.2 t/m?, respectively. The total mass
of vented hydrothermal fluids in three dimensions is calcu-
lated by multiplying these values by the width of venting in
Figure 3b and ¢ and by a 200-m strike length for the komati-
ite, perpendicular to the plane of the two-dimensional model.
For the >100°C hydrothermal fluid (avg venting at ~170°C),
which would transport most of the base metals, the cumula-
tive mass is 1.78 X 108 t. This is 2.1 X the estimate based on
the heuristic calculations for 200°C above. This discrepancy is
because the model komatiite channel is slightly larger than
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that in the heuristic calculations and the lower average vent-
ing temperature for the hydrothermal fluids in the finite ele-
ment simulation.

Discussion

The Terminus mineralization is spatially associated with the
thickest part of the most primitive komatiite flow in the area,
and both heuristic and finite element calculations indicate
that cooling of the komatiite flow was capable of driving a suf-
ficient mass of hydrothermal fluid to account for the mineral-
ization. Although there are dacite-rhyolite units downsection
from the komatiite-basalt section that is host to the Terminus
mineralization, these are not known to host any mineraliza-
tion, and there are no known high-level felsic intrusions in the
region that may be potential heat sources for paleosea-floor
mineralization. The finite element simulation accurately pre-
dicts that ~three-quarters of the hydrothermal venting should
take place over the thickest part of the komatiite flow, and the
base and margins of the flow, particularly around the flow
core, should be hydrothermally altered and thermally cracked.

The heat and flow model takes 430 yr until venting is at
<100°C and the core of the komatiite is <250°C. Thus the
model provides a first-order approximation for the cooling of
a komatiite flow with these dimensions and where overlain
(and partly insulated) by 100 m of more permeable material.

This relatively simple finite element model does not con-
sider permeable fractures. There are no clear synvolcanic
faults in the immediate Terminus area. In other magma sill-
driven modeling exercises, we have found that the patterns of
heat and fluid flow that develop without permeable fractures
generally control the location of down- or upwelling. Adding
permeable fractures can modify these patterns to a degree,
but fractures may have only second-order controls on hy-
drothermal circulation patterns, particularly once the hy-
drothermal system is established.

Implications and Conclusions

As a volcanic-associated massive sulfide-style, paleohy-
drothermal system driven by a cooling komatiite flow, the
Terminus occurrence is not unique. Other examples are
found in the Kidd-Munro assemblage along strike to the east.
The Potter Zn-Cu mine and the Potterdoal Zn-Cu deposit
(Epp and Crocket, 1999) are above ponded peridotitic ko-
matiites in Munro township, Ontario (Pyke et al., 1973;
Arndt, 1986). The Potter mine has 1 to 2 Mt of Zn-Cu-bear-
ing sulfide ore plus an equivalent amount of Zn-Cu-poor sul-
fide (Coad, 1976; and new discoveries), comparable to ~4 Mt
at the TAG hydrothermal deposit, the largest of the deposits
discovered along the mid-Atlantic Ridge (Hannington et al.,
1995). Anomalous Zn has been documented in oxide miner-
als in komatiites and in interflow sedimentary rocks in the
Kambalda Ni district (Groves et al., 1977; Bavinton, 1981),
and hydrothermal alteration has been noted in the vicinity of
Ni deposits (e.g., Shangani, Zimbabwe; Viljoen et al., 1976,
Williams, 1979). Although volcanic-associated massive sulfide
deposits within komatiite-basalt sequences outside of the
Abitibi subprovince are undocumented, this study suggests
that komatiite-bearing greenstone belts may be fertile ground
for discovering occurrences and deposits similar to Terminus
and those in Munro township.
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This study raises the possibility that thick, ponded basalt
flows or magma lakes on the sea floor may also have signifi-
cant hydrothermal sulfide deposits. In comparison to komati-
ite magma, tholeiitic basaltic magma has one-half to two-
thirds the enthalpy, so the ponded flows would have to be
proportionally thicker. Thick ponded basalt flows may occur
in active spreading centers adjacent to graben walls (e.g.,
CoAxial segment, Juan de Fuca Ridge; Chadwick et al., 1995)
or in subaqueous, volcanically active ocean island settings
(e.g., a submerged Kilauea Iki; Helz and Thornber, 1987).

The two-dimensional, finite element heat and fluid-flow
model presented here predicts the pattern, relative strength,
and temperatures of hydrothermal upwelling above the Em-
pire peridotitic komatiite flow with reasonable accuracy. It
demonstrates that heat and fluid-flow models can be used in
a predictive fashion for magma-driven, paleosea-floor hy-
drothermal systems.
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APPENDIX 1

Galena Lead Isotope Data for Terminus Zone Massive Sulfide

Galena from a sample of Terminus massive sulfide occur-
rence has been analyzed for its lead isotope geochemistry
(Table 1A). The values are primitive, and they plot within the
Abitibi linear array of Thorpe (1999). The values for grain II
correspond to those of the Kidd Creek deposit (Barrie et al.,
1999c¢), whereas grain I has a more evolved signature plotting
in the field of values typical for Noranda. Model ages
(Thorpe, 1999) for individual analyses range from 2713 to

2724 Ma (u values from 8.36-8.47, k values from 3.85-4.17),
with a model age of 2717.6 Ma (u = 8.40; k = 4.51) for the av-
erage of all three analyses. The analyses show that the lead
was derived from a primitive source at ~2.71 to 2.72 Ga, com-
parable to the U-Pb age for the underlying dacite, and that
the lead isotope composition has not been disturbed since
that time.

TABLE 1A. Pb Isotope Date for Terminus Zn-Cu Zone Galena

Galena 206Ph/204Ph 20 20 207Ph/204Ph 20 20 208Ph/204Ph 20 20
(abs) (=% m; % r) (abs) (=% m; % r) (abs) (=% m; % r)
96TB0038-1 13.288 0.008 (0.018; 0.12) 14.485 0.012 (0.076; 0.18) 33.181 0.007 (.014; 0.24)
96TB0038-11-i 13.256 0.008 (0.016; 0.12) 14.442 0.012 (0.032; 0.18) 33.057 0.007 (0.07; 0.24)
96TB0038-11-ii 13.262 0.009 (0.038; 0.12) 14.449 0.012 (0.078; 0.18) 34.11 0.007 (0.1; 0.24)

Analyses by Fernando Corfu at the Royal Ontario Museum

Notes: All ratios corrected for 0.1%/amu fractionation; 20 measurement error in absolute (= abs) and in percent (% m); (% r is reproducibility estimated
from replicate measurement of standards); LIT = analyses of different grains from same sample; i, ii = replicate analysis of same grain
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