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Abstract Remarkable advances in age dating Missis-
sippi Valley-type (MVT) lead-zinc deposits provide a
new opportunity to understand how and where these
deposits form in the Earth’s crust. These dates are
summarized and examined in a framework of global
tectonics, paleogeography, fluid migration, and paleo-
climate. Nineteen districts have been dated by paleo-
magnetic and/or radiometric methods. Of the districts
that have both paleomagnetic and radiometric dates,
only the Pine Point and East Tennessee districts have
significant disagreements. This broad agreement be-
tween paleomagnetic and radiometric dates provides
added confidence in the dating techniques used. The new
dates confirm the direct connection between the genesis
of MVT lead—zinc ores with global-scale tectonic events.
The dates show that MVT deposits formed mainly
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during large contractional tectonic events at restricted
times in the history of the Earth. Only the deposits in the
Lennard Shelf of Australia and Nanisivik in Canada
have dates that correspond to extensional tectonic
events. The most important period for MVT genesis was
the Devonian to Permian time, which corresponds to a
series of intense tectonic events during the assimilation
of Pangea. The second most important period for MVT
genesis was Cretaceous to Tertiary time when microplate
assimilation affected the western margin of North
America and Africa—Eurasia. There is a notable paucity
of MVT lead—zinc ore formation following the breakup
of Rodinia and Pangea. Of the five MVT deposits hosted
in Proterozoic rocks, only the Nanisivik deposit has
been dated as Proterozoic. The contrast in abundance
between SEDEX and MVT lead-zinc deposits in the
Proterozoic questions the frequently suggested notion
that the two types of ores share similar genetic paths.
The ages of MVT deposits, when viewed with respect to
the orogenic cycle in the adjacent orogen suggest that no
single hydrologic model can be universally applied to the
migration of the ore fluids. However, topographically
driven models best explain most MVT districts. The
migration of MVT ore fluids is not a natural conse-
quence of basin evolution; rather, MVT districts formed
mainly where platform carbonates had some hydrolog-
ical connection to orogenic belts. There may be a con-
nection between paleoclimate and the formation of some
MVT deposits. This possible relationship is suggested by
the dominance of evaporated seawater in fluid inclusions
in MVT ores, by hydrological considerations that in-
clude the need for multiple-basin volumes of ore fluid to
form most MVT districts, and the need for adequate
precipitation to provide sufficient topographic head for
topographically-driven fluid migration. Paleoclimatic
conditions that lead to formation of evaporite condi-
tions but yet have adequate precipitation to form large
hydrological systems are most commonly present in low
latitudes. For the MVT deposits and districts that
have been dated, more than 75% of the combined
metal produced are from deposits that have dates that
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correspond to assembly of Pangea in Devonian through
Permian time. The exceptional endowment of Pangea
and especially, North America with MVT lead—zinc
deposits may be explained by the following: (1) Laur-
entia, which formed the core of North America, stayed
in low latitudes during the Paleozoic, which allowed the
development of vast carbonate platforms; (2) intense
orogenic activity during the assembly of Pangea created
ground preparation for many MVT districts through
far-field deformation of the craton; (3) uplifted orogenic
belts along Pangean suture zones established large-scale
migration of basin fluids; and (4) the location of Pangea
in low latitudes with paleoclimates with high evapora-
tion rates led to the formation of brines by the evapo-
ration of seawater and infiltration of these brines into
deep basin aquifers during Pangean orogenic events.

Introduction

Mississippi  Valley-type (MVT) lead—zinc deposits are
found throughout the world (Fig. 1), but the largest, and
more intensely researched deposits occur in North
America where the deposit-type was first recognized
about 60 years ago (Bastin 1939). MVT deposits owe
their commonly accepted name to the fact that several
classic districts are located in the drainage basin of the
Mississippi River in central USA. In the last 25 years,
several studies have noted the close association of MVT
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deposits with widespread diagenetic alteration of rocks
inboard of orogenic belts. These studies suggested that
MVT deposits were the product of enormous hydro-
thermal systems related to major crustal tectonic events
(e.g., Leach 1973; Garven 1985; Leach and Rowan 1986:
Oliver 1986; Bethke and Marshak 1990; Oliver 1992:
Symons et al. 1993, 1996b). In the last 10 years,
remarkable advances in dating MVT deposits have
provided a new opportunity to understand how and
where these deposits form in the Earth’s crust. In this
paper, we summarize the new age dates and examine
MVT lead-zinc deposits in a framework of global
tectonics, paleogeography, fluid migration, and paleo-
climates. Implications from this global view provide new
perspectives into the genesis and exploration for these
deposits.

Fig. 1 Distribution of Mississippi Valley-type deposits and dis-
tricts: I Polaris; 2 Eclipse; 3 Nanisivik; 4 Gayna; 5 Bear-Twit;
6 Godlin; 7 Pine Point; 8 Esker; 9 Sardinia; 10 Washington land;
11 Robb Lake; 12 Monarch-Kicking Horse; /3 Giant; 14 Irankuh
district; 15 Gays River; /6 Newfoundland; /7 Metaline; 18 Upper
Mississippi Valley; 19 Southeast Missouri (Old Lead Belt,
Viburnum Trend, Indian Creek); 20icentral Missouri; 2/ Tri-State;
22 northern Arkansas; 23 Austinville; 24 Friedensville; 25 central
Tennessee; 26 East Tennessee; 27 San Vincente; 28 Vazante;
29 Ireland (e.g., Navan, Lisheen, Galmoy); 30 Cracow-Silesia;
31 Alpine district; 32 Pering-Bushy Park; 33 Sorby Hills; 34 Coxco;
35-37 Lennard Shelf (e.g., Cadjebut, Blendvale, Twelve-Mile
Bore); 38 El-Abad-Mekta district; 39 Reocin; 40 Cévennes;
41 Bou Grine (Adapted from Sangster 1990)
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The geological features and ore-forming processes
responsible for MVT lead-zinc deposits are described
in detail by Leach and Sangster (1993). In the present
paper, we use the broad definition of MVT lead—zinc
deposits (Leach and Sangster 1993) as a “varied fam-
ily” of epigenetic ores precipitated from dense basinal
brines at temperatures ranging between 75 and 200°C,
typically in platform carbonate sequences and lacking
genetic affinities to igneous activity. In using this broad
definition for MVT deposits, we focus our discussions
on the features that unite this important family of ore
deposits rather than on the differences that makes each
MVT district unique. As Leach and Sangster (1993)
discussed, each MVT district has its own unique set of
ore controls, such as geology, geochemistry, etc., which
sets each apart in some way. Because we view diversity
among MVT lead-zinc deposits as an important
attribute of the deposit class, we choose not to use
district names like “Irish-type”, “Alpine-type”, “Pol-
ish-type”, “Appalachian-type”, etc. However, it is this
great diversity of geological and geochemical charac-
teristics between MVT districts that has hindered
development of more specific descriptive or genetic
models for these seemingly simple deposits. Diversity
among MVT districts is expected because of the wide
range in fluid compositions, geological and geochemi-
cal conditions, fluid pathways, and precipitation
mechanisms possible at the scale of MVT fluid mi-
gration. As Sangster (1986) correctly stated “Other
than the general definition of MVT deposits given
here, a single descriptive or genetic model for all MVT
deposits is an unreasonable expectation”.

We have chosen not to include in our discussions
vein related MVT fluorite-barite deposits such as
those in southern Illinois, central Kentucky, the
Sweetwater district in Tennessee, Hansonburg in New
Mexico, and the English Pennines. These deposits were
considered by Leach and Sangster (1993) to be a
genetic subtype or variant of MVT ore deposits and
are excluded from this examination because they share
features that set them apart from typical MVT lead—
zinc deposits. Furthermore, we do not discuss the
sandstone-hosted and lead-dominate deposits such as
Laisvall, Sweden and sandstone lead-zinc veins of the
‘Eife, NW Rhenish Massif of Germany in our
discussions. The vein deposits of fluorite—barite and
lead-zinc sandstone-hosted deposits are the subject of
another paper.

Age of MVT ore-forming events

Given the great diversity of MVT deposits (e.g.,
Sangster 1983, 1986; Leach and Sangster 1993), the
most significant obstacle to understanding the origin of
MVT deposits has been a paucity of information on
the age of ore formation (Ohle 1980; Sangster 1986).
Important advances in the last decade in dating
MVT ore-forming events have been achieved through
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applications of improved radiometric dating and high
precision paleomagnetic techniques. Table 1 summa-
rizes the results of age dating studies on MVT deposits
that have used paleomagnetic dating, radiometric dat-
ing by U-Pb, U-Th in calcite, Rb-Sr in sphalerite,
Ar-Ar, K-Ar on feldspar and clay minerals, and fis-
sion track methods. We divided Table 1 into two
groups. The first group contains dates that we believe
best represent the ages of MVT ore deposition and
that provide the basis for our interpretations and ob-
servations. The second group contains ages that were
excluded from our interpretations because they provide
only broad age constraints or there are various geo-
logical or geochemical reasons that justify omission
with respect to the objectives of this paper.

Age-dating techniques
Radiometric technique

Radiometric dating of MVT ore minerals has been
difficult because minerals commonly found in MVT de-
posits contain low abundances of the natural radioactive
isotopes useful for geochronology. Although isotopic
analysis of picogram quantities of parent-daughter pairs
(*’Rb-*6Sr, 2*¥U-2%pb, 235U-28Pby) is technically pos-
sible, maintaining low blank levels when large samples
are chemically processed is problematical (e.g., a 50-mg
sample of ore-stage calcite with a Pb concentration of
10 ppb contains 0.5 ng of Pb). Other crucial require-
ments for successful geochronology are that all the rele-
vant samples be cogenetic (i.e., the minerals formed at
the same time) and formed from an isotopically homo-
geneous reservoir and that the minerals have remained
isotopically and chemically closed since formation. Se-
lection of cogenetic minerals or even the same generation
of a single mineral is seriously problematical. Different
pulses or generations of fluids with distinct isotopic
compositions can follow the same flow path; thus prox-
imity does not ensure a cogenetic history. In addition, a
homogeneous initial isotopic composition may not exist
in deposits where incomplete mixing has been docu-
mented. For example, single crystals of galena from the
Viburnum Trend contain Pb, S, and Sr isotopic varia-
tions on the scale of microns that are as large as the
isotopic ranges found within the district (e.g., Sverjensky
et al. 1979; Brannon et al. 1991, Goldhaber et al. 1995;
McKibbon and Eldridge 1995). Despite these difficulties,
radiometric techniques have been reasonably successful
for dating MVT deposits. The Rb-Sr isotopic system has
been used to date sphalerite (Nakai et al. 1990, 1993;
Brannon et al. 1992a, 1992b; Christensen et al. 1993,
1995a, 1995b), U-Pb and Th-Pb isotopic systems were
used to date ore-stage calcite (Brannon et al. 1995, 1996a,
1996b) and fluorite (Leach et al. 2001). The Sm~-Nd
isotopic system was used to date fluorite (Chesley et al.
1994; Leach et al. 2001).



Table 1 Summary of age dates (Ma) for world MVT deposits and districts. The ages excluded from interpretations are given and reasons for exclusion are discussed in the text

Chstrict Remon Host rock Paleomagneti Paleomuagnetic  Radiometric age Radiomatric Mineraul Chrogeny Relerences”
npe tlate (Ma) date (Ma) method
Central Missouri Ozarks L. Cambrian-E. 303+17 Alleghenian
Barite Pennsylvanian
Central Tennessee Nashville L. Cambrian— L. Permian— 245+10 Alleghenian 2
Dome/Cinn. E. Ordovician E. Triassic
Arch
Central Tennessee Nashville L. Cambrian— L. Permian 260+42 Calcite Alleghenian 3
Dome/Cinn. E. Ordovician (ore-stage)
Arch Th-Pb
Cévennes Southern Cambrian—Jurassic ~ U. Paleocene- 40-60 Pyrenean 4
France L. Eocene
Cévennes Southern Cambrian—Jurassic U. Cretaceous— 25-80 Fluorite: Pyrenean 17
France Oligocene U-Pb;
Th-Pb;
Sm-Nd
Cracow-Silesia Poland L. Devonian— L. Cretaceous— 46+20 Alpine/Carpathian 6
M. Triassic Oligocene
East Tennessee Southern Lower Late 286120 Alleghenian 7
Appalachians Ordovician Pennsylvanian—
(505-478) Early
Permian
East Tennessee Southern E. Ordovician E. Pennsylvanian 316+8 Alleghenian 8, 48
Appalachians
East Tennessee Southern E. Ordovician Devonian 377429 Sphalerite  Acadian 9
Appalachians Rb-Sr
East Tennessee Southern E. Ordovician Mississippian 347+20 Sphalerite  Acadian 10
Appalachians Rb-Sr
Gays River North Mississippian Pennsylvanian 300-320 Alleghenian 11
Appalachians (Visean)
Gays River North Mississippian Pennsylvanian-Permian 297 +27 Ar-Ar Alleghenian 12
Appalachians (Visean) biotite
Ireland Western Europe E. Carboniferous L. Mississippian 3307 Hercynian 13
Ireland Western Europe E. Carboniferous Mississippian 337-350 Ar-Ar Hercynian 14
mica
Lennard Shelf Australia L. Devonian L. Devonian— 351+15 Calcite Ext. of the 15
E. Mississippian (ore stage) Canning Basin
U-Pb
Lennard Shelf Australia L. Devonian E. Mississippian 357+3 Sphalerite  Ext. of the 16
Rb-Sr Canning Basin
Monarch-Kicking Western Canada M. Cambrian Cretaceous 100+12 Laramide 18
Horse Basin
Nanisivik Canadian Arctic Proterozoic M. Proterozoic ,095+10 Rifting of Beloit 19
Supergroup
Newfoundland Northern E. Ordovician Devonian 3807 Acadian 20
Zinc Appalachians
Newfoundland Northern E. Ordovician L. Devonian— 36010 Ar—-Ar Acadian 21
Zinc Appalachians E. Mississippian authigenic
feldspar
North Arkansas Ozarks E. M. Ordovician Permian 265+20 Alleghenian/ 22

Ouachita
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Pine Point
Pine Point
Pine Point

Polaris
Polaris

Robb Lake
SE Missouri
SE Missouri
Tri-State

Upper Miss.

Valley
Avecila Mine

Excluded Dates
Central Tennessee
Cévennes

East Tennessee

Gays River
Gays River
Gays River
Gays River
North
Ark/Tr-State

Pine Point
Pine Point

SE Missouri

SE Missouri

Western Canada M. Devonian

Basin

Western Canada M. Devonian

Basin

Western Canada M. Devonian

Basin
Canadian Arctic
Canadian Arctic
Western

Canada Basin
Ozarks
Ozarks

Ozarks

Central US

Eastern Spain

M.-L. Ordovician
M.-L. Ordovician

Silurian—-Devonian
Cambrian
Cambrian

Mississippian to
E. Pennsylvanian

M. Ordovician

Cretaceous

Nashville Dome/ L. Cambrian—

Cinn. Arch

E. Ordovician

Southern France Cambrian—Jurassic

Southern
Appalachians

North
Appalachians
North
Appalachians
North
Appalachians
North
Appalachians
Ozarks

E. Ordovician

Mississippian (Visean)

Mississippian (Visean)

Mississippian (Visean)

Mississippian
(Visean)

Mississippian—
Pennsylvanian

Western Canada M. Devonian

Basin

Western Canada M. Devonian

Basin
Ozarks

Ozarks

Cambrian

Cambrian

L. Cretaceous—
Paleocene

L. Devonian

E.-M. Tertiary

71£13

3677

47+17

L. Pennsylvanian— 286+20

E. Permian
E. Permian

273+10

L. Devonian-E.
Mississippian
E. Devonian-E.
Mississippian

M. Devonian-E.
Mississippian

Permian—E. Triassic

E. Permian

Paleocene

Eocene and >

L. Triassic —
M. Jurassic
<= L.
Mississippian
> E. Jurassic
< L. Mississippian
< = Carboniferous
< E. Mississippian
> L Jurassic
Max E. Cretaceous
Paleocene

Devonian

M. Devonian-E.
Mississippian

6113

374+21

366+ 15

251+11

2704
62.6+.7

39 Ma

190+ 20
< =330
>189+15
to >241
<330
<308+37
<342+33
<352+7
>183
max~100
50-60
392+ 21

380-350

Laramide

Sphalerite  Antler
Rb-Sr

Sphalerite
Rb-Sr

Antler

Ellesmerian
Sphalerite  Ellesmerian
Rb-Sr

Laramide

Alleghenian/
Quachita
Alleghenian/
QOuachita
Calcite Ouachita
(ore-stage)
Th-Pb
Sphalerite
Rb-Sr
Calcite
(ore-stage)
Th-Pb

Alleghenian/
Ouachita
Pyrenean

U-Pb,
Th-Pb
late calcite
K-Ar
on illite
Ar-Ar
authigenic
feldspar
Apatite
fission track
Ar-Ar alt. of
muscovite
Zircon
fission track
K-Ar illite

‘Vlesozoic
Extension

Apatite
fission track
Apatite
fission track
Apatite
fission track
Galena
Rb-Sr
Rb/Sr
glauconites

23
24
25
26

28
29
30
31

32
33

34

35

36
37
38
39
40
41
42
43
44

SIL
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Paleomagnetic techniques

HICES

Remagnetization or resetting of the magnetic signature
by fluid-related chemical reactions has been well docu-
mented (e.g., McCabe and Elmore 1989) and thus the
resetting a paleomagnetic signature in rocks is an
expected consequence of the migration of MVT ore-
forming fluids. With the advent of sensitive, modern
cryogenic magnetometers, it has become possible to date
MVT deposits using paleomagnetism. MVT deposits are

e

. ‘g ideal candidates for the paleomagnetic technique

g = b because they commonly occur in relatively undisturbed,

= .gé 28 tectonically stable, platforms. Symons et al. (1996b)

é 2 ;S.é summarized the methodology, as well as the results from
several districts, The paleomagnetic method relies on the

5 presence of minute concentrations of magnetic minerals
5 o such as magnetite, hematite, or pyrrhotite that record
& 2 P the direction of the Earth’s magnetic field at the time of

4 oA ;ﬁ mineral development or growth. It is important to note
dORNR that these minerals do not have to be the dominant iron

species in the rocks in order to get a readable signal.
Even though other iron-rich minerals, such as pyrite,
may be present in much higher concentrations, they will
have no effect on the paleomagnetic signature because
they do not retain remnant magnetizations.

E

Ll .
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Excluded dates

Several results have been excluded from our analysis. It
is important to note that these dates are not necessarily
wrong, but, rather, they do not place adequate con-
straints on the time of mineralization. Nevertheless we
report them here for reference.

Fission track dates

The dates in Table 1 that were excluded from our in-
terpretations include fission track dates (Ravenhurst et
al. 1989, 1994; Arne 1990, 1991) for the Pine Point,
Gays River, southeast Missouri, and Tri-State districts
because they yield only maximum or minimum ages for

al
A
et al. 1999a; (29) Wisniowiecki et al. 1983; (30) Symons et al. 1998a; (3/) Brannon et al. 1996b; (32) Brannon et al. 1992a’ (33) Grandia et al. 2000; (34) Brannon et al. 1995; (35) Hearn

1993; (24) Nakai et al. 993, 1995; (25) Brannon et al. 1995, personal communication; (26) Symons and Sangster 1992; (27) Christensen et al. 1995a; (28) Smethurst et al. 1999; Symons
et al. 1987; (36) Ravenhurst 1987; Arne et al. 1990; (37) Ravenhurst 1987; (38) Ravenhurst et al. 1987; 1989; (39) Ravenhurst et al. 1987, 1989; (40) Arne et al. 1992; (41) Arne 1991;
(42) Ravenhurst et al. 1989; (43) Lange et al. 1983; (44) Stein and Kish 1985, 1991; (45) York et al. 1981; (46) Hay et al. (47) Arne et al. 1990; (48) Symons and Stratakos 2001

4References for the dates are (/) Symons and Sangster 1991; (2) Lewchuk and Symons 1996; (3) Brannon et al. 1996a; (4) Rouvier et al. 1995; Lewchuk et al. 1998a, 1998b, 1998c, 19984,
Henry et al. 2001; Rouvier et al. 2001; (5) Toulkeridis et al. 1993; Clauer and Chaudhuri 1995; (6) Symons et al. 1995; (7) Bachtadse et al. 1987; (8) Symons and Stratakos 2000; )
Nakai et al. 1990; (/0) Nakai et al. 1990; 1993; (11) Pan et al. 1993; (/2) Kontak et al. 1994; (/3) Smethurst et al. 1998; (/4) Hitzman 1994; (/5) Brannon et al. 1996a; (/6) Christensen
et al. 1995b; (/7) Leach et al. 2001; (18) Symons et al. 1996a, 1998b; (19) Symons et al. 2001; (20) Pan and Symons 1993; (27) Hall et al. 1989; (22) Pan et al. 1990; (23) Symons et al.

2 E g £ ore deposition. The fission track dates only provide

il E E E estimates of the time at which cooling occurred to below

o E E E the annealing temperature of either apatite or zircon.

o v C Generally, the fission track studies assume that the

thermal regime related to track annealing relates to the

thermal event associated with MVT mineralization.

e However, the temperature of final annealing for apatite,

B £ L2 g for example, may be post-mineralization cooling or to

= | oﬁ’x g g thermal events unrelated to ore deposition. Despite these
= limitations, the reported fission track studies yield ages
= that are generally in broad agreement with reported
= O paleomagnetic and/or radiometric dates (Table 1). The
T 2 2 2 only significant disagreement is for the fission track date
Z |2 g2 2 2 for Pine Point (Arne 1991; Ravenhurst et al. 1994),
| & E E E which conflicts with the Rb—Sr date reported by Nakai
v own ow»n et al. (1993). However, the fission track dates are in



broad agreement with the paleomagnetic date for Pine
Point as reported by Symons et al. (1993).

Radiometric dates for Viburnum Trend/southeast
Missouri districts

The first attempt to radiometrically date the ores in
southeast Missouri was by York et al. (1981), who
used “°Ar/*’Ar methods on pyrite. This attempt
yielded an impossibly old date of 549 +20 Ma, which
is older than the host rocks. Several attempts have
been made to date the southeast Missouri ores using
Rb/Sr techniques. Lange et al. (1983) used fluid in-
clusions in galena to obtain a date of 392411 Ma,
which was contested by Ruiz et al. (1985) and par-
tially retracted (Lange et al. 1985). Several Rb-Sr
dating attempts were made on glauconites from the
Bonneterre Formation that yielded dates ranging from
about 350 to 400 Ma (Posey et al. 1983; Grant et al.
1984; Stein and Kish 1985, 1991). The available evi-
dence suggests that the ore-forming fluids in the
Viburnum Trend varied substantially in isotopic
composition. For example, Sverjensky et al. (1979)
found that Pb and S isotopic compositions in galena
varied as much on a scale of microns within single
crystals as over the entire range for the ore district.
Moreover, Brannon et al. (1991) showed that initial Sr
isotopic compositions for multiple wafers of single-
crystal vug-filling sphalerite, chalcopyrite, and galena
were highly variable. Because the variations were large
compared with subsequent in situ generation of radi-
ogenic ¥’Sr, these minerals were found to be unsuit-
able for radiometric dating because they failed to
satisfy the crucial requirement of formation from a
reservoir of uniform isotopic composition. In view of
the evidence for highly variable ore-forming fluids,
radiometric dates of authigenic glauconite, which were
reported to have obtained uniform initial Sr isotopic
composition from such fluids (Stein and Kish 1985 ,
1991), must be considered suspect.

Potassium-argon dates on samples of illite in the
Viburnum Trend range from 489+8 to 297+7 Ma,
which are interpreted to indicate a minimum date of
<297+7 Ma (Hay et al. 1995) for mineralization. This
minimum date is consistent with regional geological and
geochemical evidence (Leach and Rowan 1986; Leach
1994; Goldhaber et al. 1995), which suggests the ore in
southeast Missouri is related to widespread MVT
mineralization younger than Mid-Pennsylvanian rocks
(about 300 Ma).

Potassium—argon dating of illite in the Cévennes
region, southern France

Results of K—~Ar dating on illite in rocks of the Cévennes
region of southern France has been interpreted to reflect
deposition of the ores during Mesozoic extension
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(Toulkeridis et al. 1993; Clauer et al. 1996, 1997)
whereas paleomagnetic dating (Lewchuk et al. 1998b,
1998c, 1998d; Henry et al. 2001; Rouvier et al. 2001; )
yielded an age of mineralization of Early-Middle
Eocene, corresponding to Pyrenean compression.
Recent U-Pb, Th-Pb, and Sm-Nd dating of fluorite
associated with the lead—zinc ores in the Cévennes region
are consistent with the paleomagnetic dates (Leach et al.
2001). In view of the correspondence of dates from
several paleomagnetic studies, and of three radiometric
systems, the illite dates are believed to represent wide-
spread diagenesis of rocks in Liassic time and do not
yield reliable ages for MVT mineralization. This
disagreement will be discussed in more detail below.

Radiometric dates for Gays River

Other exclusions

Excluded from our consideration is the result from
Brannon et al. (1995) for late-stage calcite from central
Tennessee because the calcite dated post-dates ore
emplacement. Also excluded from consideration is the
Ar-Ar date (322 Ma) for pre-ore feldspar from East
Tennessee (Hearn et al. 1987) because the reported date
provides only a minimum age for the East Tennessee
mineralization (Middle Carboniferous). This minimum
date (Hearn et al. 1987) is generally consistent with the
paleomagnetic date (316+8 Ma) reported by Symons
and Stratakos (2000, 2001). As discussed later, the
Ar-Ar as well as the paleomagnetic dates by Symons
and Stratakos (2000, 2001) do not agree with the
Devonian dates (377 £29 and 347 +20 Ma) reported by
Nakai et al. (1990, 1993).

General ohservations

Correspondence with convergent orogenic events: The
majority of the dates presented in Table 1 show a re-
markable correlation with broadly coeval convergent
events within the orogen or adjacent to the orogenic belt
that hosts the ore deposits (Symons et al. 1996b). Only
the deposits in the Lennard Shelf of Australia and
Nanisivik in Canada have dates that do not correspond
to compressional tectonic events.
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The deposits with dates that correspond to convergent
orogenic events comprise the vast proportion of all MVT
ores mined in the world. Although this relationship has
been frequently hypothesized in the past (e.g., Leach
1973; Garven 1985; Leach and Rowan 1986; Oliver 1986;
Bethke and Marshak 1990), the new dates provide
compelling proof that there are important genetic rela-
tionships between convergent orogenic events and the
formation of MVT deposits. Despite the fact that the
vast majority of MVT ores formed during continental
compression, the few MVT deposits that formed during
continental extension underscores the diversity of MVT
ore-forming processes (Leach and Sangster 1993). The
best documented example of MVT formation in an ex-
tensional environment is the deposits of the Lennard
Shelf, Australia. For the Lennard Shelf deposits, the age
obtained for ore deposition coincides with crustal ex-
tension of the Fitzroy Trough. There are no compressive
tectonic events that have affected the region since the
time that the host rocks were deposited.

Correspondence between radiometric
and paleomagnetic dating methods

One very important auxiliary observation obtained from
the data presented in Table 1 is that there is a broad
agreement between the dates obtained by radiometric
methods and dates determined by paleomagnetic tech-
niques. For the deposits or districts that have been dated
by both radiometric and paleomagnetic methods, eight
are in agreement whereas only two differ (Pine Point and
East Tennessee). For the MVT deposits in the Cévennes
region of France, the paleomagnetic and radiometric
dates (Sm—Nd, U-Pb, and Th—Pb on the ore) are con-
sistent; however, these dates do not agree with K-Ar
dates on illite in the host rocks. There are three districts
that have only radiometric dates and four that have only
paleomagnetic dates. For these seven districts we pro-
pose that significant geological evidence exists to accept
the validity of the reported age dates.

The general agreement between paleomagnetic dates
yields added confidence to both the reliability of the
radiometric dates and the application of paleomagnetic
dating techniques to MVT systems. Because radiometric
dating and paleomagnetism have so little in common, it
is highly unlikely that they would yield identical but
incorrect dates. Furthermore, the excluded Ar-Ar dates
for feldspar in East Tennessee and the fission track dates
for Pine Point (Table 1) are more consistent with the
paleomagnetic dates than with the radiometric dates.
However, some general comments are needed regarding
the conflicting age dates.

Pine Point

The ore deposits of the Pine Point district are located
along the northeastern flank of the Western Canada

Sedimentary Basin and are hosted by Middle Devonian
dolostone. The age of ore deposition in the Pine Point
district has been central to the often contentious debate
about fluid-flow in the basin. It is not an intention of this
paper to dwell on the debate about the age of fluid flow
in the Western Canada Sedimentary Basin; however, it is
important to summarize briefly the scope of the problem
and to present some information that is central to the
debate because Pine Point is the one large MVT district
where there is a major difference between radiometric
and paleomagnetic dates. Additional discussions are
given by Symons et al. (1998b), Qing and Mountjoy
(1990, 1992, 1994, 1995), Nesbitt and Muechlenbachs
(1993, 1994, 1995a, 1995b), Symons et al. (1999a), and
Lewchuk et al. (1998a).

Garven (1985) first suggested that fluid-flow from the
emergence of the Rocky Mountains in Laramide time
was responsible for ore formation at Pine Point. Paleo-
magnetic dating of the Pine Point deposits indicates that
the ore formed between Mid-Late Cretaceous and
Paleocene (71+13 Ma) (Symons et al. 1993) whereas
radiometric dating by Rb-Sr sphalerite isochron yields
Middle Devonian ages of 361+13 and 374+21 Ma
(Nakai et al. 1993; J. Brannon, personal communication
in Symons et al. 1996b). Additional support for a
Laramide age for fluid flow in the Western Canada
Sedimentary Basin is presented by the paleomagnetic
dates determined for the MVT deposits at Monarch-
Kicking Horse (Symons et al. 1996a, 1998b ,) and Robb
Lake (Smethurst et al. 1999; Symons et al. 1999b) as well
as from hydrocarbon reservoirs (Cioppa and Symons
2000; Cioppa et al. 1998a). All of these studies are from
the western part of the Western Canada Sedimentary
Basin and have a Laramide age. Further support for a
Laramide age is given by the fission track dates in
Table 1 provided by Ravenhurst et al. (1994).

Despite the evidence that supports the paleomagnetic
date for Pine Point, the two independent Rb—Sr dates
for deposition of sphalerite (Nakai et al. 1993 and
J. Brannon, personal communication in Symons et al.
1996b) also must be considered valid dates. Although
the reason for the discrepancy is unclear, it is possible
that the two sets of dates are both correct in the sense
that the deposits could have formed during two separate
fluid events (Symons et al. 1996b): one related to the
Devonian Antler orogeny, and another related to the
Laramide orogeny in Late Cretaceous to Tertiary. As
pointed out by Symons et al. (1996b), this possibility is
consistent with the bimodal fluid inclusion compositions
reported by Viets et al. (1996) for sphalerite from the
Pine Point district.

East Tennessee

The East Tennessee ores are hosted by Lower Ordovician
Knox Formation. Paleomagnetic dating of the ores has
yielded Middle Pennsylvanian to Early Permian dates of
286 £20 Ma (Bachtadse et al. 1987) and 316+8 Ma



(Symons and Stratakos 2000; 2001), whereas the Rb-Sr
isochron method for sphalerite (Nakai et al. 1990, 1993)
yielded slightly older Middle Devonian dates (347 20
and 37729 Ma). Hearn et al. (1987) determined that
feldspar that pre-dated deposition of sphalerite formed at
~322 Ma, which provides an apparently older age limit
for sphalerite deposition. Elliot and Aronson (1987) de-
termined that widespread K-bentonite illitization in the
southern Appalachian basin, including some samples
20 km north of the Mascot—Jefferson City subdistrict,
formed at 291 £9 Ma. They suggested that this was the
age for the nearby MVT ores. In addition, Sedivy et al.
(1984) used K-Ar methods to date metamorphism by
Alleghenian thrusting of the underlying Conasauga
shales at 300 +£20 Ma. Kesler et al. (1988) used Sr iso-
topic modeling for fluid inclusions in host rock, ore, and
gangue minerals and obtained an estimated 408- to 320-
Ma range for dates of MVT formation in the district.
Taylor et al. (1983) noted that Alleghenian-age fractures
that cut ore and detrital sphalerite in pre-deformation
internal sediments require ore deposition to pre-date
Middle Permian Alleghenian (> =265 Ma). Considering
the range of dates permitted by the 95% confidence level
for the two paleomagnetic dates, the two reported dates
differ by only 2 Ma; thus, the disagreement is not great.
Likewise, the reported K—Ar dates on unmineralized
rocks in the region (Sedivy et al. 1984; Elliot and
Aronson 1987; Hearn et al. 1987) do not differ much
from the range in the paleomagnetic dates. Symons and
Stratakos (2000; 2001) propose that the Mascot—Jeffer-
son City subdistrict recorded the early to mid-Alleghe-
nian orogeny with fluids coming from more core regions
of the orogen to the southeast. In contrast, the Rb-Sr
method for sphalerite yielded dates that are distinct from
the paleomagnetic results. Nakai et al. (1990, 1993)
proposed that the ore fluid migrated during the Acadian
orogeny. The cause of this disagreement remains unclear.

Cévennes

Many occurrences and deposits of lead—zinc mineral-
ization in the Cévennes region of southern France are
hosted by Triassic and Jurassic carbonates (Macquar et
al. 1990). The most important MVT lead—zinc deposit
in the Cévennes region is Les Malines. The Triassic
sandstone-hosted lead deposit at Largentiére is second
only to Les Malines deposit in importance. Although
we have excluded sandstone-hosted lead—zinc deposits
in this discussion, it should be noted that the ores of
Largentiére are similar to the nearby carbonate-hosted
ores (e.g., Macquar et al. 1990; Macquar and Leach
1995). Possibly, the sandstone-hosted ores of Largen-
tiere have a genetic affinity with the nearby carbonate-
hosted ores.

The host rocks for the Les Malines ores are Cam-
brian and Jurassic carbonates A Liassic age (about
190 Ma) was reported by Toulkeridis et al. (1993) and
Clauer and Chaudhuri (1995) for mineralization at Les
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Malines using K-Ar dating of illite in the host rocks
together with Pb—Pb isotope data. Although the Liassic
age of about 190 Ma could be ascribed to the Cam-
brian-hosted ores at Les Malines, this age cannot be
applied to the Bathonien-hosted ores (Jurassic, between
160 and 167 Ma), which accounts for more than 50%
of total production. To explain the relatively invariant
lead-isotope composition of the Cambrian and Juras-
sic-hosted ores at Les Malines, deposition of ores in
the Jurassic rocks was attributed to the remobilization
of a homogeneous Triassic lead-reservoir (Le Guen et
al. 1991) without contamination by radiogenic lead
produced in the surrounding rocks. Although it is
remotely conceivable that such a remobilization
occurred, this scenario would require remarkably dif-
ficult geochemical and hydrological conditions. These
conditions include (1) unusually low amounts of ura-
nium in the source rocks or aquifers that would yield
radiogenic lead; (2) fluid migration pathways that
restrict geochemical communication of the ore fluid
with external sources of radiogenic lead; and (3) a fluid
that is capable of leaching lead from one reservoir but
not from another and transporting the lead to another
location without isotopic contamination. Considering
the large amount of fluid necessary to form MVT
deposits and the large scale of MVT ore-forming
processes, it seems rather improbable that such
conditions could have existed.

Paleomagnetic studies of MVT deposits in the
Cévennes region (Rouvier et al. 1995; Lewchuk et al.
1998b, 1998c, 1998d; Henry et al. 2001; Rouvier et al.
2001) have argued that the MVT deposits in the
Cévennes region are related to a regional fluid-flow event
in the Early-Middle Eocene. The magnetic overprint in
this region is believed to be related to fluid migration
during the end of the main uplift and metamorphism in
the axial part of the Pyrénées mountains located to the
south of the Cévennes. Uplift of the Pyrénées orogenic
belt, formation of the MVT deposits, and widespread
chemical remagnetization are all inter-related aspects of
the convergence of the Iberian block with the European
plate during the Pyrenean orogeny (Lewchuk 1998b,
1998c, 1998d; Henry et al. 2001; Rouvier et al. 2001).
The paleomagnetic date also corresponds to apatite fis-
sion-track dates that apparently record the uplift and
cooling of rocks of the southeast sedimentary basin on
the eastern border of the Cévennes region (Pagel et al.
1997). Thus, the inversion of the southeast basin, and
uplift of the Pyrénées Mountains, and widespread fluid
flow in the region were broadly coeval.

Recent radiometric dating of fluorite (Leach et al.
2001) from several MVT deposits in the Cévennes region
by U-Pb, Th-Pb, and Sm-Nd dating of fluorite yields
dates that are consistent with the paleomagnetic dates.
The fluorite dated includes samples that lie within and
bracket sphalerite paragenetic stages in the Durfort de-
posit. Each of the three radiometric systems (Th—Pb,
U-Pb, and Sm—Nd) on the same sample yielded dates of
about 78 +25 Ma. The radiometric and paleomagnetic
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dates confirm that at least some of the ores in the
Cévennes region formed during the Pyrénées orogenic
cycle.

Consistent with the proposal that MVT mineraliza-
tion was the result of fluid-flow during uplift of the
Pyrenean orogenic belt, U-Pb dating of ore-stage calcite
from MVT ores in the Cretaceous Maestrat Basin of
eastern Spain yielded a date of 62.6+0.7 Ma (Grandia
et al. 2000). These ores are situated on the southern
foreland of the Pyrénées. This date is consistent with the
paleomagnetic date for MVT deposits in the Cévennes
region north of the Pyrénées and suggests that fluid flow
related to the Pyrénées uplift may have occurred on both
sides of the orogen.

Duration of MVT mineralization

Despite the progress that has been achieved in obtaining
ages for MVT ore-forming events, few studies have
focused on the duration of MVT mineralizing events.
Information on the duration of the MVT event is clearly
needed in view of evidence that the ores in some MVT
districts were deposited during multiple ore-forming
events (e.g., Leach 1994; Brannon et al. 1997). In addi-
tion, the mere presence of a mineral paragenetic sequence
for ore and gangue mineral deposition implies an
evolving fluid system that could have existed for con-
siderable amounts of time. A better understanding of the
duration of MVT ore-forming events is also needed to
evaluate better the results from different age-dating
approaches. For example, most radiometric studies on
MVT deposits provide the age of deposition for a single
stage of the paragenetic sequence. In contrast, paleo-
magnetic methods typically use more than 100 specimens
from more than ten sites and, therefore, probably reflect
broader information of the MVT hydrothermal event.

Rowan and Goldhaber (1995) used fluid inclusion
data together with thermal alteration of biomarkers to
calculate the duration of the ore-forming event in the
Upper Mississippi Valley district. They determined that
the duration could have been between 37,000 yrs. to
1.4 m.y., depending on whether the highest or the lowest
group of fluid inclusion homogenization temperatures
was used for the calculations. The best fit of the fluid
inclusion data to the biomarkers yielded a probable
duration of about 200,000 yrs, consistent with the
250,000 yrs estimated from fluid-rock (mass transfer)
arguments for the Upper Mississippi Valley district
(Lavery and Barnes 1971). Repetski and Narkiewicz
(1996) used fluid inclusion data together with time—
temperature-dependent thermal alteration of conodonts
in the Cracow-Silesia zinc-lead district in southern
Poland. Their calculations indicate that the Polish ore-
forming event could not have lasted for more than about
50,000 yrs.

Symons et al (1998a) used paleomagnetic techniques
in the Viburnum Trend to determine that the time

span between the deposition of main-stage (cube-
octahedral galena) and late-stage (cubic galena) ore
was between 5 and 12 m.y. An interesting side result of
the paleomagnetic work is the tendency for the pa-
leomagnetic data to have an oval rather than circular
distributions about their mean (Lewchuk and Symons
1995). In the absence of other possible explanations
(such as faulting, differential tilting, etc.) and recog-
nizing the tendency for the elongation direction to
match the trend of the apparent polar wander path, it
is likely that the data are recording continental drift
during the acquisition of the remanence component.
Lewchuk and Symons (1995) attempted to quantify
this effect by comparing the amount of elongation in a
given data set to the expected rate of apparent polar
wander for that time. They found that at an average
rate of apparent polar wander of 0.3° of arc per m.y.,
it would take several million years to produce enough
elongation in the distribution to be visible in a pa-
leomagnetic data set. When the paleomagnetic data
from six major North American MVT districts were
combined, they indicated that the upper limit for
mineralization process may be as great as
25x10° years. It should be noted that any estimate
generated in this manner would include the effects of
precursor fluids associated with, but not necessarily
directly depositing the MVT ones. Thus, this conclu-
sion from the paleomagnetic data should be considered
an upper estimate for the duration. For example,
Lewchuk and Symons (1995), and Symons and Strat-
akos (2000) provided paleomagnetic evidence that pre-
ore dolomitization in some MVT districts occurred
approximately 20=+10 m.y. prior to sulfide mineral-
ization.

The limited number of studies that address the du-
ration of MVT systems do not permit us to draw sig-
nificant conclusions about this important question.
However, it is interesting to point out that estimates of
the duration of MVT ore-forming events, based on
time-temperature data for thermal alteration of organic
matter are of the order of tens to several hundreds of
thousands years whereas paleomagnetic studies indicate
durations on the order of about a million to several
million years. This contrast between estimated durations
from paleomagnetic and thermal alterations techniques
seems to support the conclusions of Appold and Garven
(1999) that topographically driven fluid formed the ores
of the Viburnum Trend district. Based on transient nu-
merical modeling of mass and energy transport by to-
pographic gradients, the period of mineralization in
southeast Missouri was relatively short (of hundreds of
thousands of years) relative to the lifetime of the gravity-
flow system that could have persisted for tens of millions
of years. Thus, we speculate that paleomagnetic studies
may yield dates that reflect the life of the regional
hydrological system whereas the thermal alteration of
organic matter reflects the duration of the more time-
restricted thermal-pulse within a regional hydrological
event.



MVT deposits through geologic time
Precambrian

No MVT deposits are known to be in Archean rocks
and only five deposits (Nanisivik, Gayna River, Coxco,
Pering-Bushy Park, and the recently discovered Esker
deposit in Canada) are known to be hosted by rocks of
Proterozoic age (Fig. 1). The willemite deposit of Vaz-
ante, Brazil has long been considered to be an MVT
deposit hosted by Proterozoic rocks. However, recent
work on the deposit suggests that it may not be a MVT
deposit (Murray Hitzman, personal communication
2001). The presence of these deposits in Proterozoic
rocks does not imply that they necessarily formed in
Proterozoic time. The Nanisivik deposit located on
Baffin Island, Canada, is the only MVT deposit hosted
in Proterozoic rocks that has been successfully dated
(Symons et al. 2000). They report a paleomagnetic date
of 1,095+ 10 Ma.

The hypothesized locations of Nanisivik and other
Proterozoic-hosted MVT deposits are shown on a re-
construction of the supercontinent Rodinia at 1,000 Ma
(Fig. 2). In view of the common association of MVT
deposits inboard of orogenic zones, the possible posi-
tions of the Grenvillian orogenic belts are also shown in
Fig. 2. Granted that the positions of the continental
segments that formed Rodinia, together with its oro-
genic belts and possible MVT deposits, are poorly
known, there is still no clear spatial relationship between
the location of the ore deposits with respect to the
Grenvillian orogenic belts.

In contrast to the few MVT deposits hosted in
Proterozoic rocks, SEDEX (sedimentary exhalative)
lead—zinc are rather abundant (Sangster 1990). This
observation is inconsistent with the commonly

Rodinia

adapted from Unrug, 1996

Fig. 2 Reconstruction of Rodinia at 1,000 Ma from Unrug (1996)
and Weil et al. (1998) with the positions of MVT deposits that are
hosted in Proterozoic rocks. Position of the Grenvillian orogenic
belts is stippled
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suggested notion that SEDEX and MVT deposits
probably have common genetic processes (e.g.,
Hutchinson 193U; Goodtellow et al. 1993, p. 242). As
Sangster (1990, p. B30) noted “ Curiously, MVT de-
posits are relatively scarce in rocks of Proterozoic age,
particularly considering the fact that the Proterozoic
represents nearly six times the length of Paleozoic
time”’. This paucity is not related to a lack of carbonate
rocks because carbonate rocks of Proterozoic age are
reasonably abundant. An especially curious aspect is
that rocks of Proterozoic age are the host of many of
the world’s SEDEX lead-zinc deposits (e.g., McArthur
basin, Australia, and the Sullivan deposit in the Belt
basin, Canada). The relative abundance of SEDEX
lead-zinc deposits in large Proterozoic basins attests to
the fact that lead—zinc ore-forming processes involving
basinal brines were present in many sedimentary
basins. One possible explanation for the scarcity of
MVT ores in Proterozoic rocks is that they may have
been destroyed by erosion. However, considering the
relative proportion of Proterozoic SEDEX lead-zinc
deposits preserved relative to MVT lead-zinc deposits,
more fundamental issues may be involved that we do
not understand.

Phanerozoic

Figure 3 shows the distribution of published Phanero-
zoic ages for MVT deposits and districts together with
the ages of their host rocks. The length of the bars
shown in this figure for the ages of ore formation rep-
resent the uncertainty reported (usually at the 95%
confidence level) for each age determination (Table 1).
Two important observations are evident from Fig. 3.
First, there is general agreement between the dates re-
ported by paleomagnetic and radiometric techniques.
Secondly, it is remarkable that the ages of MVT for-
mation are grouped into two distinct windows of time:
one spans the Devonian to Late Permian and the second
spans Cretaceous to Late Tertiary. Equally impressive is
the absence of ages in the Early Paleozoic and that there
are only three dates that fall in Mesozoic. We estimate
that the dated deposits shown in Fig. 3 have yielded
about 80% of the total combined lead—zinc metal (based
mainly on unpublished data, Sinclair et al. 1999) pro-
duced from all known MVT lead-zinc deposits. Thus,
Fig. 3 reflects the age of MVT formation for most of the
MVT lead—zinc ores mined on the globe.

The deposits of the Cévennes region of France could
be Mesozoic if the K—-Ar dates for illite formation in the
host rocks are accepted as representative of MVT
deposition (Toulkeridis et al. 1993; Clauer and Chau-
dhuri 1995). The acceptance of the illite age dates
requires the rejection of Early-Middle Eocene paleo-
magnetic age (Rouvier et al. 1995; Lewchuk et al. 1998b,
1998c, 1998d; Henry et al. 2001; Rouvier et al. 2001),
which is consistent with the U-Pb, Th-Pb, and Sm-Nd
radiometric dates (Leach et al 2001). The best-fit
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Fig. 3 Distribution of radiometric and paleomagnetic ages of
MVT deposits and their host rocks in the Phanerozoic

paleomagnetic age for central Tennessee (Lewchuk et al.
1996a) is Late Permian; however, the mineralization
could have continued until the earliest Triassic.

Paleozoic

The formation of MVT deposits with respect to pale-
ogeographic positions of the continents through the
Paleozoic is illustrated in Fig. 4. The paleogeographic
reconstructions have been modified from Scotese (2000)
and the discussions of plate motions are excerpted from
Ziegler (1992), and Scotese (2000). The reader is referred
to these publications and the references therein for more
elaborate discussions of the interpreted plate motions
and interactions. Despite the simplification of the pale-
ogeographic positions shown in Fig. 4, this illustration
does highlight some interesting possibilities regarding
the genesis of MVT deposits. Late Proterozoic and
Paleozoic time marked the dispersal of various conti-
nental components of Rodinia and their eventual

amalgamation into a new supercontinent, Pangea, by
Late Permian. Early Cambrian was the time of the final
assembly of Gondwana and a period of divergence be-
tween Laurentia, Baltica, and Siberia. Late Cambrian is
considered to be the beginning of the Caledonian oro-
genic cycle that continued into the Devonian. Ordovi-
cian and Silurian convergence of Laurentia—Greenland
with Fennoscandia—Baltica resulted in their suturing
along the Arctic-North Caledonides and the creation of
Laurentia (Ziegler 1992). Although there are no dates
available for the stratabound, sandstone-hosted lead—
zinc deposits of the northern Caledonides (e.g., Laisvall,
Sweden), geological evidence points to these deposits as
products of continental-scale fluid migration during the
Caledonian orogenic cycle (Rickard et al. 1979; Duane
and de Wit 1988). Paleomagnetic dating was attempted
at the Laisvall deposit but failed (A. Bjerlykke and
D.T.A. Symons, personal communication 2001).

As noted by Christensen et al. (1996) and Symons
et al. (1996b), the Devonian to Late Permian was a
significant period for MVT formation in geologic time.
This period marked a series of continental collisions that
culminated in the formation of Pangea. The first age
dates in the Paleozoic for MVT mineralization are the



Devonian ages for the deposits of the Lennard Shelf,
Newfoundland Zinc, Polaris, and possibly East
Tennessee. The Rb--Sr dates for the Pine Point district

Fig. 4 Selected paleogeographic reconstructions of the continents
in Late Cambrian to Late Permian showing the progressive
formation of MVT during the assimilation of Pangea. The
reconstructions shown were modified from Scotese (2000). The
paleogeographic reconstructions were selected because they best
approximate the ages of the MVT deposits. Pine Point and East
Tennessee are shown in yellow on different paleogeographic
reconstructions because they have several reported dates. Some
MVT deposits or districts appear on two plate reconstructions
because their date falls between the available paleogeographic time
slice

Late Cambrian 514 Ma

-

FUAURENTIA

|
¥y

=F HIBERIA
lapetus Olgenn P

Al TICA STONDWANAL

o

Early Devonian 390 Ma

723

are Early to Late Devonian to Mississippian. By Perm-
ian time, many of the world’s great MVT districts had
formed, including the MVT districts of the US mid-
continent, eastern United States and Canada, and Ire-
land. With the exception of the Lennard Shelf MVT
deposits, these deposits formed during or shortly after
periods of continental suturing and inboard of the oro-
genic zones. Data from the World Minerals Geoscience
Database (Sinclair et al. 1999) show that the total metal
produced from the deposits that formed during the final
assembly of Pangea, from Devonian through Permian,
account for about 75% of the combined metal produced
from all MVT deposits that have been dated. Of all
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MVT deposits, including both dated and undated, the
Pangean ores total at least 60% of all MVT metals
mined.

Triassic—Jurassic

Late Permian—Early Triassic time (Fig. 5) marked the
beginning of the breakup of Pangea (e.g., Ziegler 1992)
as reflected by the propagating Tethys rift system across
the interior of the Pangean supercontinent. By Early
Jurassic, the accelerated opening of the Gulf of Mexico—
Central Atlantic Tethys rift zone (Ziegler 1992) led to
the development of a new divergent zone separating
Gondwana and Laurasia. Continental extension in the
Mesozoic was accompanied by extensive magmatism
and anomalous heat flow in the Pangean crust (Ander-
son 1982). This period is widely believed to be an im-
portant time for extensive hydrothermal mineralization

Fig. 5 Selected paleogeographic reconstructions of the continents
in Early Jurassic to Middle Eocene showing the formation of MVT
deposits and districts. The reconstructions shown were modified
from Scotese (2000). The paleogeographic reconstructions were
selected because they best approximate the ages of the MVT
deposits. Pine Point is shown in yellow because it also has reported
ages of Late Devonian—Early Mississippian (Fig. 4). The Cévennes