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SUMMARY

The “topographic recharge” and “lec-
tonic compaction” models for subsur-
face fluid flow may have been overap-
plied to the question of the origin of re-
gional hydrothermal dolomite bodies.
These have been attractive models to
explain hydrothermal dolomitization be-
cause of their obvious applicabilty to the
present day hydrotogy of continental
interiors. However, recent medelling
studies indicate that topographic re-
charge does not predict the uniform re-
gional trends of dolomite precipitational
temperatures observed in hydrothermal
dolomites, and that tectonic compaction
reguires an unreascnable degree of fluid
focusing to achieve precipitational tem-
peratures equal to observed dolomite
fluid inclusion homogenization tempera-
tures. Topographic recharge also has
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the limitation of flushing solutes out of
the system, rendering it incapable of fur-
ther dolomitization. In addition, both
topographic recharge and tectonic com-
paction are unlikely flow mechanisms
to explain the origin of extensive open
space dolomite cement because of their
limited supply of solute.

Thermal convection, on the other
hand, can support long-lived flow sys-
tems that are capable of recycling sub-
surface solutions many times through
the rock mass. This enhances the op-
portunity for open space dolomite ce-
mentation. Because thermal convection
can occur in confined aquiters beneath
the sea bed, seawater-derived solutions
may be continually added to the con-
vection system. Added seawater would
enhance the dolomitization potential of
the convection system. The documen-
tation of crustal scale convection sys-
tems within subaerially exposed oro-
genic belts and the outcrop evidence of
both upward and downward extending
bodies of hydrothermal dolomite adds
credence to the hypothesis that ther-
mally driven convective flow occurred
within ancient platform carbonates, and
may have induced regional hydrother-
mal dolomitization.

RESUME

On a peut-étre abusé des modéles ex-
plicatifs courants du flux des fluides sou-
terrains dit de recharge topographique,
et de compaction tectonique, en les
utilisant pour expliquer I'existence de
grands ensembles regionaux de dolo-
mies hydrothermales. Sans doute a
cause de leur grande utilité en hydrolo-
gie continentale on aura présumé que
ces deux modéles pouvaient s'appliquer
au cas de la dolomitisation hydrother-
male régionale. Cependant, des modéli-
sations recentes indiquent que la re-
charge topographique ne permel pas
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d'expliquer 'uniformité régionale de la
température de précipitation observée
dans les dolomies hydrothermales, et
d'autre part, la compaction tectonique
présuppose l'existence d'un phénoméne
de convergence des fluides injustifiable
permettant d’arriver aux températures
d’homogénéisation observées dans les
inclusions fluides des dolomies. L'éva-
cuation des produits dissous a |'extéri-
eur du systéme et qui caractérise le mo-
dele de la recharge topographique, ne
permel pas d'expliquer 'existence de
phases répétées de dolomitisation. De
plus, ni la recharge topographique, ni
la compaction tectonique ne sont des
modéles de flux capable d’expliquer
'existence de volumes importants de
ciments vacuclaires de dolomie.

En contrepartie, le modéle de convec-
tion thermale peut trés bien expliquer
l'existence de systémes d'écoulement
a durée de vie suffisamment longue
pour permettre le passage de plusieurs
cycles de solutions aqueuses souter-
raines a travers les masses rocheuses
encaissantes. Cette particularité de la
convection thermale augmente d'autant
les possibilités de formation de ciments
vacuoclaires de dolomie. N'étant pas
confinée au domaine continental, la
convection thermale peut agir au sein
d'aquiféres captifs sous-matrins et per-
mettre 'apport continu d'eau marine au
systéme de convection, augmentant
ainsi les possibilités de dolomitisation.
L'existence documentée de systemes
de convection dans des écailles tecto-
nigues crustales au sein de bandes
orogéniques subaériennes, et d'affleure-
ments d'importantes zones de dolomies
hydrothermales, autant au-dessus gu'en-
dessous du niveau topographique, ren-
forcent I'hypothése de la présence d'un
flux par convection thermique au sein
d'anciennes plate-formes de carbon-
ates, phénomeéne qui pourraitl avoir pro-
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voqué une dolomitisation hydrother-
male régionale.

INTRODUCTION

“Bandwagons of science can be dan-
gerous vehicles” (Fahraeus, 1996) to
use in the pursuit of scientific under-
standing. Implied in this statement is
the perception that some physical mod-
els have been applied complacently, or
uncritically, to problems concerning the
origins of geologic phenomena. Here,
we deal with models for the subsurface
origin of regionally extensive replace-
ment and hydrothermal dolomites.

Two such models for subsurface do-
lomitization, the “topographic recharge
model” (Fig. 1) and the tectonic over-
pressure, or tectonically driven, “com-
paction flow model” (Fig. 2) have gained
popularity among researchers in their
attempt to explain the origin of many
laterally extensive dolomite bodies (e.g.,
Montanez, 1994; Qing and Mountjoy,
1992, 1994; Amthor et al.,, 1993; Drivet
and Mountjoy, 1997). It is an overstate-
ment to assert that these models are,
in fact, geological bandwagons at the
present time, but, on the other hand,
they are gaining momentum as favored
hypotheses to explain diverse occur-
rences of regional subsurface, or re-
gional hydrothermal dolomitization. Re-
cent mathematical simulation studies,
allied with fundamental geological and
fluid geochemical data, have shed some
light these models, both with respect to
theoretical predictions and also with re-
spect to existing data from hydrother-
mal dolomites, and have exposed some
limitations of these models.

Other popular models for regional
subsurface dolomitization include bur-
ial-compaction dolomitization (Machel
and Mountjoy, 1987) and fault-related
dolomites (Jones, 1980; Malone et al.,
1996). However, these models are more
local in scope because of the limited
supply of fluids available for dolomiti-
zation and dolomite precipitation in the
subsurface (Land, 1985; Kaufman,
1994), although some workers have
suggested that focusing of burial com-
paction brines from shale basins may
explain the origin of some subsurface
dolomites, such as those associated
with the Mississippi Valley Pb-Zn depos-
its of the Tri State District, United States
(Gregg, 1985). Malone et al. (1996) pro-
vide a well-documented study of local
hydrothermal dolomitization within a
dilational tectonic breccia body, several

kilometres long, developed along a
strike-slip fault in southern California.
This may be an example of hydrother-
mal dolomitization by the seismic pump-
ing of intraformational fluids during fault
movements (e.g., Garven, 1995).
Subsurface dolomites are defined
here simply as dolomites precipitated
from warm to hot subcritical aqueous
solutions in subsurface, or burial, set-
tings after lithification of the host rock.
This definition excludes the penecon-
temporaneous dolomites that typically
form in the upper few metres of incom-
pletely lithified sediment during sedi-
mentation (e.g., Perkins et al., 1994).
Temperatures of precipitation for sub-
surface dolomites, including hydrother-

mal dolomites, range from a low of
about 50°C (e.g., Amthor et al., 1993,
dolospar in the Leduc Formation of Al-
berta, Canada) to a high of about 400°C
or even higher if pressure corrections
for burial are applied to raw fluid inclu-
sion homogenization temperatures (T)
(e.g., Hulen et al., 1990; dolospar in the
Blackburn Qil Field, Nevada, United
States). Such high temperatures are
greater than the critical temperature for
pure water (373°C), but the critical tem-
peratures of aqueous solutions are
strongly dependent on salinity, such that
extremely hot saline brines like those
that precipitated the Blackburn dolospar
(~20 wt. % NaCl, Hulen et al., 1990)
have critical temperatures in the neigh-
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Figure 1 Schematic cross-section view of cross-formational flow during deep circulation of mete-
oric groundwater by topographic recharge through a typical foreland basin similar to the Western
Canada Sedimentary Basin (Garven and Freeze, 1984; reprinted with permission from the Ameri-
can Journal of Science). Flow tends to be focused through more permeable units, such as a basal
carbonate aquifer, and has been hypothesized to have caused regional hydrothermal dolomitization
(Montanez, 1994; Qing and Mountjoy, 1992, 1994) and mineralization (Garven, 1985).
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Figure 2 Schematic block diagram of the flow of subsurface fluids in front of a developing com-
pressional orogen. Heated formation fluids are expelled into the foreland belt by tectonic compaction
beneath thrust sheets (Oliver, 1986; reprinted with permission from the Geological Society of
America) and are thought to have played important roles in regional dolomitization (Amthor et al.,
1993; Drivet and Mountjoy, 1996) and mineralization (Oliver, 1986).
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borhood of 600°C (Crawlord, 1981).

“Hydrothermal” dolomites have no
precise definition, but are here consid-
ered to be dolomites composed of a
large proportion of open space-filling
dolospar cement within breccia masses,
fractures, or large vugs commonly as-
sociated with bodies of subsurface re-
placement dolomites (e.g., Drivet and
Mountjoy, 1997). Implied in this char-
acterization of hydrothermal dolomites
is the perception that they were precipi-
tated from circulating geothermal wa-
ters.

TOPOGRAPHIC RECHARGE

AND REGIONAL

SUBSURFACE DOLOMITIZATION
The topographic recharge model of Gar-
ven and Freeze (1384) provides a
means of moving fluids rapidly through
foreland basins in front of thrust belt
terrains across distances approaching
several hundred kilometres (Fig. 1}. The
elevated topography of the thrust belt

provides the hydrodynamic potential for
gravity-driven meteoric fluids to drive
groundwater circulation deep into the
foreland region. In western Canada, and
in the western and central United States,
foreland successions are dominantly si-
liciclastic and are late Paleozoic to Ce-
nozoic in age. These thick forefand suc-
cessions overlie Paleozoic carbonales
that were deformed during the devel-
opment of the thrust belts associated
with Laramide, Antler and Alleghenian,
or Ouachita, orogenies (Fig.1).
Subsusface flow tends to be concen-
trated in the more permeable units of
the foreland succession. Commoniy, the
carbonates that underlie the foreland
succession are vastly more permeable,
particularly with respect to lateral per-
meability, than the overlying siliciclas-
tics, and form the principal aquifers.
Garven (1994) has pointed out that per-
meability of carbonates is strongly de-
pendent on the scale of measurement
and that even relatively “tight” carbon-
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Figure 3 A graph of the progressive westward increase in dolomite fluid inclusicn homogenization
temperaturas within the Presquile Dolomite (after Qing and Mountjoy, 1994). This has been inter-
preted toindicate an overall west-to-east movernent of heated brines during dolomitization (Ging
and Mountjoy, 1992, 1994}. An alternate interpretation is shown in the lower schematic cross-
section in which hotter fluid inclusion temperatures are hypothesized 1o be the result of deeper
convective circulation in western ragions where impermeable basement was deeper in late Paleozoic

time.
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ates can have high overall permeability
when measured on a basinwide scale
of tens to hundreds of kilometres, Move-
ment of fluids redistributes heat, alter-
ing the basinwide temperature regime
in the subsurface, and also redistributes
solutes within the basin. Under condi-
tions of regional topographic recharge,
flow rates can attain average velocities
of up to 10 m-a’' in more permeable
strata (Garven, 1995). Flow during to-
pographic recharge is generally rapid
enough to overwhelm subsurface flow
patterns caused by other processes,
such as by convection, or by sedimen-
tary and tectonic compaction (Garven,
1995).

In a landmark study, Garven {1985)
applied finite element techniques to
demonstrate the potential for topo-
graphic recharge to cause deep circu-
lation of groundwater eastward from the
elevated thrust belt of the Laramide
Qrogen of northwestern Canada. Based
on this simulation, Garven (1985) sug-
gested that the Pine Point Pb-Zn de-
posit formed in less than a million years
from lead and zinc transported eastward
by subsurface solutions focused pref-
erentially through Middie Devonian car-
bonates of the Keg River Barrier during
the post-Cretaceous rise of the Rocky
Mountains. Flow rates through the Keg
River Barrier reached a maximum of
about 5 m-a’ in Garven’s (1985) simula-
tion. Garven et al. (1993} have also
applied the topographic recharge model
to the Late Permian of the United States
midcontinent region to explain the ori-
gin of the MVT Pb-Zn deposits of this
region, such as the Viburnum Deposit
{see also Bethke et al., 1988). Subsur-
face flow rates of up to 3 m-a’ were
maodetled in the principal aquifer, the
Knox Dolomite, during the Ouachita
QOrogeny. Modelled subsurface flow dur-
ing Ouachita topographic recharge also
redistributed heat, causing elevated
temperatures in the carbonate aquifers
at the site of the MVT Pb-Zn deposits
near the distal end of the Late Permian
foreland belt that developed north of the
Quachita Orogenic thrust belt. These
modelled temperatures approximately
match the mineral fluid inclusion ho-
mogenization temperalures observed in
these deposits.

The high rates of fluid llow that are
characteristic of the topographic re-
charge model for groundwater circula-
tion have also made it an attractive
choice as a hydrologic mode! for re-
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gional subsurface dolomitization. Qing
and Mountjoy (1992, 1994} documented
a progressive eastward decrease in fluid
inclusion homogenization temperatures
of the Presqu'ile Dolomite through the
Keg River Barrier from northeast Brit-
ish Columbia to Pine Point at Great
Slave Lake, NWT (Fig. 3). They sug-
gested that this approxmately unidirec-
tional trend in homogenization tempera-
tures, in conjunction with similar trends
of oxygen and strontium isotopic val-
ues, is consistent with the west to east
flow of groundwater driven largely by
topographic recharge during either the
Cretaceous-Tertiary Laramide Orogeny
or the earlier Devono-Carboniferous
Antler Orogeny. They envisaged basin-
scale eastward migration of hot fluids
from northeastern British Columbia to
Pine Point through the Keg River Bar-
rier driven largely by topographic re-
charge, but also by tectonic compres-
sion, during the Laramide or Antler oro-
genies and inferred that these fluids
were responsible for Presquiile hydro-
thermal dolomitization. Similarly, Mon-
tafez (1994) suggested that the migra-
tion of hot basinal fluids that caused
subsurface hydrothermal dolomitization
of the Knox carbonates in the southern
Appalachian Mountain region of the
eastern United States was facilitated by
the development of a regional topo-
graphic recharge flow system during the
late Paleozoic Alleghenian Crogeny.
Topographic cross-formational flow was
aided by the upward growth of the
Alleghenian highlands, which attained
a cumulative tectonic relief of about 5
km. In a more extreme example, Yao
and Demicco (1995} have argued that
carbonates within the entire pre-Devo-
nian, Neoproterozoic to Silurian succes-
sion eastward from the Kootenay Arc
of British Columbia to the Front Ranges
of the Rocky Mountains were dolomi-
tized during eastward-directed topo-
graphic recharge from the region of the
Purcelt Anticlinerium during mid te late
Paleozoic time.

Salinity Constraints

There is no doubt that topographic re-
charge is extremely efficient at moving
fluids and redistributing heat through
foreland basins. However, as pointed
out by Deming and Nunn {1991}, and
by Cathles (1993}, the circulation of me-
teoric groundwater quickly sweeps sol-
utes from the basin (Fig. 4). This is the
simple consequence of the replacement

of saline basinal fluids by dilute mete-
oric groundwater as it sweeps through
the basin. Remnant saline basinal flu-
ids remain only in regions within the
basin that were bypassed by the frash
water flush (Fig. 4). The very high sali-
nities of fluid inclusions in hydrothermal
and associated subsurface dolomites
[e.g., about 15-20 wt.% NaCl equiva-
lent in the Presqu'ile Delomite (Qing and
Mountjoy, 1994): about 13-22 wt.%
NaCl equivalent in the Knox Dolomites
(Montafiez, 1994); mode at 23 wt.%
NaCl equivalent in the dolomites of the
Mississippi Valley Pb-Zn District (Plum-
lee et al., 1994); 24 wi. % NaCl equiva-
lent in the dolomite in the Gays River
Pb-Zn deposit of Nova Scotia (Chi and
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Savard, 1995); 22-25 wt. % for hydro-
thermal dolomites of the Middle Jurassic
1o Early Cretaceous Arabian Shelf
{Broomhall and Allan, 1985}); 13-25 wt.%
NaCl equivalent for subsurface and hy-
drothermal dolomites throughout the
entire Proterozoic to Silurian succession
of the southern Canadian Cordillera
(Yao and Demicco, 1995)] is an indica-
tion that there has been little, if any, ad-
mixture of fresh meteoric water during
precipitation of these dolomites. The ori-
gin of each of these dolomites depends
upon their individual geologic histories,
but the consistently high salinities of
fluid inclusions in all these examples
{and many others) suggest that topo-
graphic recharge of fresh water was not

TOPOGRAPHIC RECHARGE MODEL WITH BASAL
PERMEABLE AQUIFER AND HIGH HEAT FLOW

TEMPERATURE DISTRIBUTION AFTER 3 MY.
INITIAL CONDITION GF FLAT ISOTHERMS
AND A HEAT FLOW OF B0 mw/M’

TOPOGRAFPHIC RECHARGE MODEL WITH BASAL
PERMEABLE AQUIFER AND SALINE FORMATION FLUIDS

“TOPOGRAPHY _ — _ = = ——

I
[ I |
I B I |

[
[
{
[ S N A |

o
Z
=
e
[
\(.£||||
2
=
Cy =<0

[
|

[ I I |
]

[ I
11
[
[
[N I |
[
I

[ I
L T U A B | T IO T I |

0% INITIAL SALINITY_

2

e

2% 10 6% - b
6% 1o 10% -

>1u%-.

SALINITY DISTRIBUTION OF RESIDUAL
BRINES AFTER % MY OF FRESH
WATER FLUSH OF CONNATE BRINES

Figure 4 Temperature and residual brine salinity distributions during simulations of topographic
recharge through a foreland basin (Deming and Nunn, 1991; reprinted with permission from the
American Geophysical Union). Temperature along basal carbonate aquifer fends to be uniform and
little residual brine remains after a million years of topographic recharge. The small volume ot
remaining brine lies within a region bypassed by subsurface fresh water flow.
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a dominant hydrologic process during
dolomitization.

Mass Balance Considerations
Under the assumplion that these basinal
fluids paricipated in the dolomitization
of limestone aquifers, it has been esti-
mated that on the order of 350 km? of
basinal fluids of marine derivation would
be required to dolomitize 1.0 km?* of
limestone in these aquifers, depending
on limestone porosity and upon exact
fluid compositions (Gregg, 1985). This
is a stringent, although not impossible,
requirement to fultil by topographic re-
charge. Conceivably, saline basinal flu-
ids from the siliciclastic foreland suc-
cession could be focused into underly-
ing, more permeable carbonates ahead
of a basinwide sweep of fresh water and
cause the replacement dolomitization of
porous limestones in the manner envis-
aged by Gregg (1985).

Less appreciated are the consequen-
ces of the fact that a significant propor-
tion of subsurtace hydrothermal dolo-
mites is formed of open space-filling
dolospar cement (e.g., Gregg, 1985)
precipitated directly from the “dolomi-
tizing” solutions. The fluid requirements
for open space precipitation are far
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Figure 5 This plot shows the large volumes of
basinal sediment-derived fluid that are required
to fully cement even low porosity rocks, assum-
ing that each litre of hydrothermal brine pre-
cipitates about 10** moles of dotomite from
solution (Leach et al,, 1991). See text for dis-
cussion.

morg demanding than for in situ replace-
ment dolomitization of limestone. For
example, using the dolomite cementa-
tion model of Leach et al. {1991) for
hydrothermal dolomite precipitation in
the Mississippi Valley Pb-Zn District, 1.0
km? of pore space requires 4.878x10°
km?® of solution for complete cementa-
tion. In other words, to fully cement the
pore space of 1 km® of carbonate con-
taining a porosity of 2.5% would require,
at a minimum, 1.22x10* km?* of solu-
tion. In the case of the Mississippi Val-
ley Pb-Zn District, Gregg (1985) esti-
mated that about 100 km? of the basal
dolomite of the Bonneterre Dolomite
was dolomitized during mineralization.
If we assume that open space-filling
dolomite cement occluded 2.5% of this
regional dolomite body, then 1.22x10f
km? of solution would have been re-
guired. if these dolomite-cementing so-
lutions were moved by topographic re-
charge from basinal sediments averag-
ing about 20% porosity, a source sedi-
ment velume of 6.1x10% km® would be
required (Fig. 5}. Cathles (1993) esti-
mated that the total sediment volume
available for fluid expulsion into carbon-
ate aquifers in the Mississippi Valley Pb-
2Zn District was about 5.56x10° km?, or
only a tenth of that required for this sce-
nario.

Thermal Constraints

Deming and Nunn (1991} and Nunn and
Deming (1991) have discussed thermal
constraints concerning the topographic
recharge model. In essence, circulation
of fresh groundwater, to a first approxi-
mation, causes the deeper, originally
subhorizontal isotherms to be reoriented
more parallel to the regional strati-
graphy of foreland basins (Fig. 4). As
Deming and Nunn (1991} pointed out,
an important consequence of this is that
mineral cements formed within carbon-
ate aquifers during topographic re-
charge would have been precipitated at
about the same temperature all along
a basal aquifer, except at the very distal
end. Pronounced regional trends of
more than 50°C in fluid inclusion ho-
mogenization temperatures and in tem-
perature-dependent oxygen isotope
data {Fig. 3), such as those reporied by
Qing and Mountjoy (1992, 1994) and
Montanez (1994) are not consistent with
dolomite cementation during topo-
graphic recharge tocused along perme-
able aquifers at depth. Nunn and Deming
{1991) also pointed out that the higher
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flow rates necessary to raise tempera-
tures to the levels (about 80°C to 100°C)
indicated by the mineral geothermo-
meters at the shallow (about 1-1.5 km
burial depth; Plumlee et al., 1994), distal
end of the system, will cause a corre-
spondingly more rapid flush of solutes
from the system, as well as a “smooth-
ing out” of regional temperature trends
along the basal aquifer.

Cathles (1993) has alsc modslled the
thermal consequences of topographi-
cally driven groundwater flow through
the Mississippi Valley Pb-Zn District us-
ing an elegantly simple analytical ex-
pression for temperature perturbations
in basins resulting from flow through
thin, shallow-dipping confined aquifers
{Cathles, 1987). In this simulation of
northward flow through the Arkoma
Basin and upward through the basal
carbonate aquifer of the Mississippi Val-
ley Pb-Zn District (Figs. 6, 7), Cathles
(1993) was unable 1o reproduce the
temperatures observed in tluid inclu-
sions of the hydrothermal dolomites,
using realistic values of thermal conduc-
tivity for the sedimentary cover above
the basal aquifer, regardless of ground-
water flow rate.

Another important thermal constraint
is the necessity for high basal heat flow,
in addition to high groundwater flow
rates, to raise temperatures near the
shallow distal end of the system to be
consistent with the correlation between
the dolomite and mineral homogeniza-
tion termperatures of approximately 90°C
and cementation at shallow depths.
Deming (1992) has speculated that it
compressional orogenesis were linked
to increases in crustal permeability, ba-
sal heat flow could be enhanced to a
degree consistent with these high distal
temperatures during contemporaneous
topographic recharge through the su-
pracrustal sedimentary succession.
This is, however, an unproven specula-
tion at present and has not been docu-
mented by observation. Instead, obser-
vational evidence suggests that basal
heat flow is low, rather than high, be-
neath foreland basins (e.g., Majorowicz
and Jessop, 1981).

TECTONICALLY DRIVEN FLOW
AND HYDROTHERMAL
DOLOMITIZATION

Oliver {1986), in a provocative, and
commonly cited paper, brought a pre-
viously unappreciated process into the
foreground of geclogical thinking. In this
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paper, Oliver (1986) described how the
process of tectonic loading and com-
pression during the development of oro-
genic thrust belts may have caused the
rapid expulsion of formational fluids out-
ward into the foreland basins with the
thrust belts behaving like giant squee-
gees (Fig. 2). He also suggested that
this type of tectonically driven subsur-
face flow of formation fluids played a
major role in the formation of Pb-Zn de-
posits and hydrocarbon accumulations
in carbonate strata of foreland belts.

Tectonically driven groundwater flow
has also been cited, either as a contrib-
uting factor (e.g., Qing and Mountjoy,
1994; Montanez, 1994; Machel et al.,
1996), or as the dominant factor (Am-
thor et al., 1993; Drivet and Mountjoy,
1997) responsible for the emplacement
of some subsurface and hydrothermal
dolomites. An attractive feature of the
tectonically driven flow model is the fact
that, unlike the topographic recharge
model, subsurface solutions are not di-
luted by meteoric recharge during tec-
tonic expulsion. Consequently, compac-
tion flow in general is more consistent
with the universal high salinities ob-
served in hydrothermal dolomite fluid
inclusions. On the other hand, tectoni-
cally driven flow, like subsurtace burial
compaction flow, is limited to the total
volume of fluids within the basin sedi-
ments (Garven, 1995). The tectonically
driven flow model can be regarded as a
special case of compaction flow, in
which compaction expulsion is achieved
by the rapid tectonic loading of thrust
plates moving in front of expanding
orogens.

Thermal Constraints

Deming et al. (1990), using a finite dif-
ference simulation of the effect of thrust
belt emplacement on fluid flow and tem-
perature distribution in the foreland belt,
found that, under a geologically reason-
able range of conditions, tectonically
driven compaction results in low veloc-
ity and transient groundwater flow with
very little influence on the temperature
field of the foreland belt (Fig. 6). If flow
is channelled into fracture networks that
are open to the ground surface however,
it is possible to raise temperatures lo-
cally to, or even greater than, 50°C
above background values (Fig. 7). Min-
eral cements formed in such fractures
would have been precipitated out of ther-
mal equilibrium with host strata (e.g.,
Dorobeck, 1989). The key factor favor-

ing extreme temperature contrast be-
tween the host rock and the mineral
cements is that the permeable channel-
way must be open to the atmosphere.
If the channelway is merely open to the
sea floor, extreme fluid velocities through
the channelway are not possible and
again the temperature anomaly will be
insignificant.

An even more limiting factor in the
use of the tectonically driven flow model
is the extreme amount of focusing of
flow that must occur to satisfy thermal
constraints. Cathles (1993) determined
that to warm the updip carbonate aqui-
fer system of the MVT district of the cen-
tral United States by compaction flow
of heated brines from the adjacent Ar-
koma Basin (Fig. 8) to temperatures
equal to observed dolomite homogeni-
zation temperatures requires flow rates
of4.4-17.6 m-a’' (Fig. 9). These are more
than an order of magnitude greater than
modelled or observed flow rates due to
compaction flow caused either by sedi-
mentation (Bethke, 1985; Garven, 1995),
or by tectonic loading (Deming et al.,
1990), even if geologically reasonable
permeability heterogeneity is consid-
ered. It is unclear how such an extreme
degree of fluid focusing can occur. Also,
at these extreme flow rates, compaction
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fluids in the Arkoma Basin (Fig. 8) would
be exhausted in a few hundred thou-

sand years.

Mass Balance Considerations

Another limitation, as discussed above,
concerns the amount of solution re-
quired to dolomitize the MVT district car-
bonates. Cathles (1993), following Gregg
(1985), estimated that 35,000 km? of
brine would be required to explain the
observed amount of dolomitization. This
estimate, however, does not take into
consideration dolomite precipitated as
open space-filing cement. If only 0.1%
of the rock mass in this carbonate ag-
uifer system were precipitated as space-
filling dolospar, there would be an addi-
tional requirement for 4.878-10° km? of
solution (Fig. 5). This means that nearly
15% of the total Arkoma basin sediment
volume would have to be derived from
the basin as compaction flow fluids,
rather than the 6% estimated by Cathles
(1993). This is close to an unreason-
able requirement for the total volume
of compaction flow that could be ex-
pressed from the Arkoma Basin. The
larger the estimated amount of open
space-filling dolospar in the system, the
more unreasonable this requirement
becomes. This model is more reason-
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ably applied to examples in which the
total volume of dolomite cement is low
{e.g., Mache! et al., 1996}

CONVECTION

AND HYDROTHERMAL
DOLOMITIZATION

Free convection in subsurface sedimen-
tary settings (Fig. 10} is driven by buoy-
ancy forces related to temperature and
salinity variations {Garven, 1995). Flow
rates in convection cells can approach
a metre per year depending upon aqui-
fer thickness, fluid-density gradient, and

regional permeability {Evans and Nunn,

1989). A fundamental relationship ex-
ists between the thermal gradient re-
quired for convection in a porous layer
and the permeability and thickness of
the layer within which convection can
potentially oceur for subhorizental

strata. This relationship may be ex-
pressed as:
(1

ped, *Ra,

r

o, .pi ec, okeb”

{Turcotte and Schubert, 1982}, where
d7/dz is the geothermal gradient, p is
the kinematic fluid viscosity, A, is the
bulk thermal conductivity of the convect-
ing layer. Ra, is the minimum critical
Raleigh number required to initiate con-
vection within a layer of thickness band
permeability k, and is a constant equal
to 472 The ftuid co-efficients of thermal
expansion and of specific heat are a,
and ¢, and the fluid density is p,.
There is a strong dependence on
layer thickness in Equation 1. For area-
sonable range of possible geothermal
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gradients (10°C-km" to 100°C-km), a
200 m-thick layer in which convection
can occur must have an average per-
meability of between about 100-1000
millidarcies. For a fayer that is 1000 m
thick and the same rangs of geothermal
gradients, the minimum permeabilities
required for the onset of convection are
reduced to a range of about 6-60 milli-
darcies (Turcotte and Schubert, 1982).

There is also a strong dependence on
fluid density in Equation 1. The perme-
abilities required for convection to be-
gin, as cited in the previous paragraph,
would be reduced by about 30% if hal-
ite-saturated brine with a specific grav-
ity of 1.2 gm-cm® (Spencer, 1987) were
the convecting fluid instead of pure wa-
ter. Solving Equation 1 for the Raleigh
Number (Ra) shows the dirsct depen-
dence of convection on the geothermal
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gradient itself. Equation 1 is also sub-
ject to the proviso that the regional dip
is less than a critical angle of about 5°.
In more steeply dipping strata, convec-
tion, at rates depending primarily on
permeability and the geothermal gradi-
ent, will occur invariably {Criss and Hof-
meister, 1991).

Convection has been less popular
than the topogaphic recharge or the tec-
tonic compaction models as an expla-
nation for regional hydrothermal dolo-
mitization. Deep convection circulation
ot hydrothermai brines has been in-
voked to explain the origin of only a few
regional subsurface hydrothermal dolo-
mites, such as the Manetoe Dolomite
of the Northwest Territories (Morrow et
al., 1986, 1990; Aulstead et al., 1988)
and the Ordovician gas-producing car-
honates of the Michigan Basin (Coniglic
et al, 1994). Other workers have sug-
gested that pre-Cretaceous thermally
driven convective flow is unlikely to have
occurred over large pans of the West-
ern Canada Sedimentary Basin be-
cause of the absence of any indication
of pre-Cretacecus thermal anomalies
(e.g., Amthor et a/, 1983).

The tact that the convection mode!
for fluid circulation has received com-

paratively little attention with regard to
regional dolemitization may be attrib-
uled to several factors. First, the pres-
ent-day deep circulation of groundwater
in the sedimentary basins of western
Canada and the United States is per-
ceived to be dominated by topographic
recharge flow (Garven, 1995), Applica-
tion of the topographic recharge mode!
to the question of origin of ancient re-
gional subsurface and hydrothermal
dolomites follows a principal axiom of
geoscience, that the present is the key
to the past. In a similar vein, the tec-
tonic compaction flow model is linked
to the development of mountain belts,
both ancient and present, It is easily as-
sumed that the emergence of these
mountains was accompanied by equally
impressive subsurface fluid move-
ments. In other words, the present-day
manifestations of the topographic re-
charge and tectonic compaction mod-
els have, to a certain extent, pre-empted
consideration of the convection model.

Some modelling studies, however,
indicate that regional thermal convec-
tion may explain the origin of uncon-
formity-type Proterozoic uranium de-
posits. In the study of Raffensperger and
Garven (1995}, convection cells 10-50

km broad drove fluids 3-6 km vertically
atup to 1.0 m-a through sandstone ag-
vifers with horizontal and vertical per-
meabilities of 160 and 1.6 millidarcies.
Carbonate aquifers on a regional scale
can have permeabilities of more than
100 darcies owing to the presence of
fracture networks and karst porosity
{Garven, 1994; Domenico and Schwartz,
1890) and therefore, on a regional scale,
are candidates for thermal convection.
Kaufman (1994) modelled thermal con-
vection through platferm carbonates hun-
dreds of metres thick, and suggested
that subsurface dolomitization in conti-
nental shelf settings could occur as a
consequence of the development of
large convection cells in response to
spatial variations in basal heat flow.
The dolomitized Mesozoic carbonate
buildups, or platforms, of northern ltaly
provide some excellent examples of
hydrothermal dolomitization by convec-
tion of seawalter on a subregional scale
of kilometres to tens of kilometres wide
{Wilson et al, 1990; Cervato, 1990).
The Latemar Buildup, documented by
Wilson et al. (1990), is a particularly
compelling example of this type of hy-
drothermal dolomitization where heated
seawater has dolomitized a mushroom-
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Figure 8 A schematic cross-section from the Arkoma Basin through the Mississippi Valley MVT Pb-Zn District showing the possible northward flow
path of compaction and topographic racharge fluids from the Quachita Mountains during the late Paleozoic Alleghenian Orogeny of the south-central
United States (Cathles, 1993; reprinted with permission from the American Association of Petroleum Geologists). Fluids are warmed during their
passage downwards through the Arkoma Basin. Also shown are typical sphalerite and dolomite fluid inclusion temperaturas across the MVT Pb-Zn

District.
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shaped bedy of limestone with a core
of hydrothermat dolomite-cemented
breccia (Fig. 11).

Evaporative brines derived from the
Elk Point Basin in Devonian time have
been suggested as the dolomitizing
agents responsible for hydrothermal
dolomitization across western Canada
by subsurface convection in Late Devo-
nian time (Spencer, 1987). Similar sys-
tems operate on more local scales at
the present time. in one of these, the
Salton Sea Geothermal system, dense
hypersaline brines of the Salton Sea
have sunk up to 5 km into the subsur-
face and have been recirculated to shal-
low depths by convection associated
with increased basal heat flow related

to the opening of the Gulf of California
{McKibben et al., 1987).

Mass Balance Considerations

Like the topographic recharge and tec-
tonic compaction models, the convec-
tion model operates with the same mini-
mum requirement of magnesium for
dolomitization of pre-existing limestone.
Because the convective system continu-
ally recycles these brines through the
pore networks of dolomitizing lime-
stones, however, there is an enhanced
potential for more complete open space
cementation to occur. The other mod-
els permit only one pass of the brine
solutes through the system and thus
have a much lower potential to precipi-
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Figure 9 Plots showing temperature variations along the flow path for topographically driven re-
charge and compaction fiow northward along the line of section A'-A shown in Figure 8 for six
different flow rates. Topographic recharge fluids begin at surface temperature and wasm to a maxi-
mum at the base of the Arkoma Basin and then rise upwards through the carbonate and sandstone
aquifers of the MVT Pb-Zn District. Under reasonable conditions of sedimentary cover, thermal
conductivity and basal heat flow, none of these flow rates is compatible with the cbserved mineral
fluid inclusion temperatures (T,). The temperature history of compaction flow begins at the bottom
of tha Arkoma Basin at 325°C. Only high rates of compaction flow ¢an generate temperatures
equal to mineral fluid inclusion temperatures, and fluids must be progressively more focused along

the flow path to achieve the observed distribution

of inclusion temperatures (Cathles, 1993; re-

printed with permission from the American Association of Petroleum Geologists).
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tate large masses of dolomite cernent.

If convective recycling of evaporative
seawater-derived brines occurs while
additional hypersaline brines are gen-
erated in updip regions on the surface,
the potential exists for additional pore
volumes of brine to pass through the
system, providing that these brines can
also exit from the system. Mass move-
ment of brine through the system might
oceur if the base of the convection sys-
tem slopes basinward (Fig. 3), as, for
example, in the Late Devonian of west-
ern Canada where brines continued to
be generated up to fatest Devonian time
{e.g., Whittaker and Mountjoy, 1996}.
Even in a brine convection system that
is closed to addition of brine, mixing of
the brines with shallow seawater-de-
rived subsurface fluids immediately
overlying the system might also be a
means by which small amounts of mag-
nesium are continually added to the
convecting solutions that have been
depleted in magnesium by dolomiti-
zation of limestone and by dolomite ce-
mentation (Fig. 10). Dissolution of pre-
existing dolostones is another source for
the magnesium required for dolomite
cementation during convection-driven
solution movement.

DISCUSSION

There are several difficulties concern-
ing the application of the popular topo-
graphic recharge and tectonic com-
paction models to the problem of the
origin of regional subsurface dolomite.
Some of these have already been dis-
cussed, such as the limitation of the
total mass of solutes in the system to
one pore volume in both of these mod-
els, the inability of these models to pre-
dict the cementation temperatures of re-
gional subsurface dolomites, and the
probability that neither model can pre-
dict the amount of open space-filling
hydrothermal delomite cement that is
present in regional subsurface dolo-
mites, even if only a small fraction of
these dolomites is formed of dolomite
cement.

Another crucial limitation concerns
the observation that stratigraphic suc-
cessions containing some well-studied
regional dolomiles are suffused with
connate hypersaline brines (i.e., origi-
nal formation fluids) at the present time.
This applies to the Elk Point Group of
the Western Canada Sedimentary Ba-
sin including the Presqu'ile Dolomite
along the Presqu'ile Barrier (Bachu,
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1995; Bachu, 1997; Spencer, 1987) and
in the Paleozoic succession containing
the regional hydrothermal dolomites
that host the Mississippi Valley-type Pb-
Zn deposits of the Tri-State District
(Cathles, 1993). This clearly implies that
these successions were not flushed by
meteoric water during topographic re-
charge before the present day (e.g.,
Connally et al., 1990), rendering the use
of topographic recharge as a fluid flow
model for dolomitization inappropriate
in these instances.

Another aspect of regional subsur-
face and hydrothermal dolomites that
has received attention is that they dis-
play regional trends in fluid inclusion ho-
mogenization temperatures and stable
and radiogenic isotopes (Qing and
Mountjoy, 1994; Cathles, 1993). As dis-
cussed above, modelling studies have
shown the difficulties inherent in inter-
preting these trends as simple indica-
tors of subsurface fluid paleoflow direc-
tions during topographic recharge or
tectonic compaction (Deming and Nunn,
1991; Deming et al., 1990; Cathles,
1993).

Vertical recycling of connate forma-
tion brines by thermal convection may
provide a reasonable alternative expla-
nation for the origin of some regional
subsurface dolomites that circumvents
some of the difficulties inherent in the
application of the topographic recharge
and tectonic compaction flow models.
The most obvious advantage of ther-
mal convection is the continual recycling
of subsurface brines through the sys-
tem, providing a greater opportunity for
coarse space-filling dolospar crystals to
grow. The dense, halite-saturated re-
sidual brines produced during deposi-
tion of the Prairie Evaporite in the Elk
Point Basin of western Canada con-
tained more than enough magnesium
to form all Devonian dolomite in this ba-
sin (Spencer, 1987; Shields and Brady,
1995). Open space-filling dolospar (e.g.,
saddle dolomite) constitutes only a por-
tion of these dolomites.

In thermal convection regimes, fluid
inclusion and isotopic paleotemperature
trends may reflect basement depth gra-
dients rather than flow directions. In the
example provided by Qing and Mountjoy
(1994) of the Presqu'ile Dolomite along
a transect from Pine Point southwest-
ward to northeast British Columbia, the
base of the Paleozoic in latest Devonian
to Early Carboniferous time was inclined
westward (Fig. 3). Using conservative

estimates of the geothermal gradients
(Morrow et al., 1993; Morrow and Gal-
lagher, in press) and estimates of burial
depths (Meijer-Drees, 1993) for these
areas during late Paleozoic time, the
temperature at the base of the Paleo-
zoic in latest Devonian to Early Carbon-
iferous time can be roughly determined
(Fig. 3). If convection were rapid, dolo-
mite cements formed within the convec-

tion system should, to some degree,
reflect these trends in basement tem-
peratures. The hotter paleotempera-
tures recorded in the Presqu’ile Dolo-
mites of British Columbia may simply
be a function of the greater depth to
Precambrian basement in Latest Devo-
nian time.

Paleozoic time in general may have
been favorable for the development of
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Figure 10 Schematic cross-section through part of a regional convection system within a typical
Paleozoic sedimentary succession of dense peritidal calcareous dolostone overlain by porous lime-
stone and capped by upper Paleozoic, fine grained siliciclastics. Stratiform dolomite-cemented
breccia forms within the subhorizontal parts of the convective flow path, whereas in regions of
strong upward flow at the junction of the upward-flowing parts of adjacent convection cells, dolo-
mite breccias extend upward to the upper contact of the limestone with the overlying less perme-
able siliciclastics. In regions of downward flow, anastomosing, flat-bottomed galleries of dolomite
and calcite-cemented breccias extend downward into the lower dense dolostone sequence. Up-
ward and downward flow may be focused preferentially along fault zones (Morrow et al., 1990).
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Figure 11 Atypical mushroom-shaped breccia-cored hydrothermal dolomite body developed within
the Triassic Latemar Platform of the Italian Alps. Trends in fluid inclusion homogenization tempera-
tures (Th) and oxygen isotope values, and the fluid inclusion melting temperatures indicate that
dolomitization occurred during the thermal convection of seawater through the Latemar Platform
(Wilson etal., 1990; reprinted with permission from the American Journal of Science).
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convection systems because of the pre-
valence of broad, low relief or shallow
water carbonate shelves. In western
Canada and the western United States,
lower Paleozoic cabonate shelf “plat-
forms" are overlain uniformly by blan-
kets of Upper Devonian to Carbonifer-
ous siliciclastics which probably acted
as cool, relatively impermeable, confin-
ing layers to the upward flow of hot for-
mation fluids (Fig. 10). Cervato (1990)
discussed a similar example from the
Jurassic-Cretaceous of the ltalian Alps
in which platform carbonates were dolo-
mitized probably during thermal convec-
tion of seawater-derived solutions be-

P A 7t
Gallery widening
13 — - !'-

neath an impermeable cap of volcani-
clastic sediments across a marine plat-
form 50 km wide.

Convection may have been initiated
by high heat flow in late Paleozoic time,
possibly coinciding with times of rifting,
which affected large areas of northwest-
ern Canada (Morrow et al., 1993; Fein-
stein et al., 1996). Other regions which
may have been affected by high heat
flow in late Paleozoic time include the
Michigan Basin region of the United
States (Vugrinovich, 1988) and the Up-
per Silesian Basin of Central Europe
(Safanda et al., 1991). Estimated late
Paleozoic geothermal gradients in these
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Y Yay g ’ &
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Figure 12 Outcrop photograph of a large, subvertical gallery of white, dolomite- and calcite-ce-
mented breccia extending over a hundred metres downwards from the main body of stratiform
Manetoe Dolomite. The gallery ends downward in a rather bulbous, flat-bottomed breccia mass.
Some breccia blocks can be correlated with the adjacent wall rock. View is of the northeast side of
First Canyon of the South Nahanni River near the west end of the canyon. River level is at the

bottom of the photograph.
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areas range from about 50°C-km’' (Fein-
stein et al., 1996) to the very high value
of 95°C-km'' (Safanda et al., 1991).
Such high geothermal gradients favour
the initiation of convection in subhori-
zontal strata. If permeability in Equa-
tion 1 is considered to be a variable de-
pendent only upon the geothermal gra-
dient for the initiation of convection, it
is apparent that an increase in the geo-
thermal gradient will be matched by a
corresponding decrease in the minimum
required permeability for convection to
begin.

The question of whether thermal
“anomalies” have occurred during the
late Paleozoic or early Mesozoic is dif-
ficult to answer for some regions be-
cause of the absence of strata of these
ages. This applies to large parts of the
Western Canada Sedimentary Basin
where Cretaceous-aged strata uncon-
formably overlie Devonian strata (Mos-
sop and Shetsen, 1994). In general, the
presence of thermally immature strata
overlying regionally dolomitized carbon-
ates does not preclude thermal convec-
tion prior to, or even during, deposition
of the overlying strata. It is the geother-
mal gradient that determines whether
convection will, or will not, occur. Even
with high geothermal gradients, several
hundred metres of siliciclastic strata
overlying convection systems in carbon-
ates may not be heated to temperatures
in excess of those produced by subse-
quent burial. Objections, such as those
raised by Amthor et al. (1993), to the
possibility of regional late Paleozoic
convection in the southern part of the
Western Canada Sedimentary Basin,
are not decisive in this regard.

The circulation of fluids in a regional
convection system may leave a visible
imprint on the host strata in the form of
breccia masses cemented by white
dolospar, or saddle dolomite. Coniglio
et al. (1994) suggested that subvertical
bodies of dolomite-cemented breccia
and dolomitized limestone developed
around faults in lower Paleozoic lime-
stones of the Michigan Basin by verti-
cal flow during late Paleozoic to early
Mesozoic convection. Figure 10 is a
schematic view of hydrothermal dolo-
mite bodies developed within a Paleo-
zoic stratigraphic succession similar to
that which contains the Presqu’ile and
Manetoe Dolomites of northwest Canada.
These hydrothermal dolomite masses
tend to be stratiform within Lower and
Middle Devonian limestones over broad
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areas, but, at certain places, such as at
the Pine Point Pb-Zn deposH, or in the
Pointed Mountain Gas Field, these hy-
drothermal dolomites extend upward
through these limestones (Slave Point,
Sulphur Point, Nahanni and Landry for-
mations) toward their contacts with
overlying shales. Whatever the origin
of these dolomites, it is evident that
these upward-extending dolomite brec-
cia masses in the Presqu'ile and the
Manetoe are sites where upward flow
of hydrothermal solutions was particu-
larly vigorous. Commaonly these sites
are located along regional faults, such
as the McDonald Fault Zone and the
Liard Fault Zone (Qing and Mountjoy,
1994, Morrow et al., 1990).

Convection flow may also leave leave
an imprint of downward flow as well as
upward flow in convection systems that
occupied several kilometres of strata.
The Manetoe Dolomite of the Northwest
Territories is a well-exposed example of
what may be a fossilized convection
system that formed one of the largest
continuous hydrothermal dolemite bod-
ies on Earth. Downward-extending gal-
leries, filled with dolomite- and calcite-
cemented breccia, are visible in places
with sufficiently large exposures of the
peritidal dolostone sequence beneath
the stratiform Manetoe Dolomite (Fig.
12). These sharp-walled galleries, up to
150 metres in vertical extent, terminate
downwards in bulb-shaped, rather flat-
bottomed masses of doiomite breccia.
These downward-extending breccia
bodies occur in areas where there are
no upward-extending bodies of Manetoe
Dolomite.

Downward-extending galleries of
dolomite breccia may be overt evidence
indicating the existence of the down-
ward-flowing paits of convection cells
responsible for the Manetoe hydro-
thermal dolomitization event (Fig. 10).
The geometry of these breccia bodies
is similar to the vertically oriented and
downward widening galleries that de-
velop in vertically fractured limestones
undergoing the early stages of meteoric
karst development (Jakucs, 1977},
However, it is unlikely that these Mane-
toe galleries have a meteoric karst ori-
gin because the microstratigraphy of
dolostone blocks cemented within the
breccia mass can be correlated with the
enclosing ¢color-banded dolostones (Fig.
12}, Excavation of the gallery appears
to have been contemporaneous with
both the collapse of dolostone blocks

from the wallrock into the gallery, and
with their cementation by coarsely crys-
talline while dolomite and calcite.

Interestingly, pervasive deep crustal
scale convection of meteoric ground-
waters in a system that extended down-
ward from the surface to 10 km depth
appears to have been the dominant sub-
surface flow system in the Omenica
extensional complex and adjacent parts
of the Rocky Mcuntains during Early
Tertiary time (Nesbitt and Muehlen-
bachs, 1995). These workers specu-
lated that subvertical fracture networks
opened during Eocene extension of the
Omenica Belt and provided the vertical
permeability necessary for convection
of fluids in the upper crust. If true, this
would be an example of convection
within a subaerially exposed mountain-
ous terrain that by conventional wisdom
should be part of a topographic re-
charge system. It does not require an
overactive imagination to suggest that
large-scale convection may have oc-
curred within rifted Paleozoic or Meso-
zoic shelf carbonate sequences if large-
scale thermal convection can also oc-
cur within subaerially exposed moun-
tain beits!

CONCLUSIONS
The topographic recharge and tectonic
compaction models may have been
over-applied to the question of the ori-
gin of regional subsurface dolomites.
Topographic recharge does not predict
the uniform regional trends of dolomite
precipitational temperatures observedin
hydrothermal dolomites, and tectonic
compaction requires an unreasonable
degree of fluid focusing to achieve dolo-
mite precipitational temperatures. Topo-
graphic recharge rapidly flushes solutes
out of the system, rendering the sys-
tem incapable of further dolomitization.
Both topographic recharge and tectonic
compaction are unlikely flow mecha-
nisms to explain the origin of extensive
open space dolomite cement because
of the limited supply of solute.
Thermal convection, on the other
hand, can support long-lived flow sys-
tems that are capable of recycling sub-
surface solutions many times through
the rock mass. This greatly enhances
the opportunity for open space dolomite
cementation. Because thermal convec-
tion can occur in strata beneath the sea
bed, there is a reasonable expectation
that seawater-derived solutions would
be continually added to the convection

system. These added solutions would
enhance the dolomilization potential of
the convection system. The documen-
tation of crustal scale convection sys-
tems within subaerially exposed oro-
genic belts and the outcrop evidence of
both upward and downward extending
bodies of hydrothermal dolomite adds
credence to the hypothesis that ther-
mally driven convective flow occurred
within ancient platform carbonates and
may have induced regional hydrother-
mal dolomitization.
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