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THE GENESIS OF STRATIFORM LEAD-ZINC DEPOSITS
ON THE JASON PROPERTY, YUKON

Robert John Whitlock Turner, Ph. D.
Stanford University, 1986

In modern geothermal systems, the factor limiting the formation of metal sulfides is the
availability of reduced sulfur; in anoxic watermassés, the limiting factor is the availability of
metal. The coincidence, therefore, of an exhalative metal-bearing geothermal system and a
reduced watermass is very favorable for the formation of stratiform sulfide mineralization. The
occurrence of stratiform Pb-Zn sulfide deposits throughout the Proterozoic and Lower Paleozoic
and their absence following the oxygenation of the world ocean in the middle Paleozoic supports
the contention that anoxic ocean waters were prerequisite forﬁ the formation and preservation of

stratiform Zn-Pb deposits.

Statiform lead-zinc mineralization at the Jason property occurs within marine sediments of
the Lower Earn Group of Middle to Late Devonian age that were deposited below a deep water,
euxinic sea during rifting or wrench tectonism of the outer miogeocline of northwestern North
America. Stratiform mineralization occurs adjacent to a synsedimentary fault and is
interstratified with organic-rich siliceous shale, thin-bedded siltstone turbidite, and sedimentary
breccias derived from the fault scarp. ]\/ﬁneralization includes veining and brecciation within and
adjacent to the fault, thick bedded stratiform mineralization adjacent to the fault, and sheetlike
bodies of finely laminated stratiform mineralization distal to the fault. Laminae and beds of
quartz-spalerite, sphalerite, sphalerite-galena, galena, galena-pyrite, pyrite, siderite, ankerite,
barite, and carbonaceous quartz-pyrite comprise the deposit. The stratiform deposit is divided
spatially into six distinctive assemblages of laminae types. Relative to the Jason fault, from
proximal to distal they are: pyrite, iron carbonate, Pb-Zn-Fe sulfide, barite-sulfide, quartz-sulfide
and quartz. Near the Jason fault, stratiform mineralization is cut by abundant irregular veinlets

and nodules, and replacement of carbonates by sulfide, and sulfide by sulfide is common.
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The presence of abundant resedimentation of stratiform mineralization, compositional and
textural grading of stratiform laminae and beds, and lack of evidence of sequential deposition of
minerals comprising the distal strata supports a sedimentary origin. The monominerallic tendency
of laminae, the lateral zoning of lead:zinc within the stratiform bodies, and compositionally
graded strata suggest effective segregation mechanisms, such as differential settling rates, during
sedimentation. Formation of stratiform mineralization below a submarine brine pool is argued for
by: (1) strontium isotopic data from stratiform carbonates and barite samples ; (2) the textural
similarity of stratiform mineralization with modern brine pool sediments; (3) stratigraphic
evidence for the deposition of stratiform mineralization within a bathymetric depression and (4)
the quartz-rich nature of the stratiform mineralization. Hydrothermal discharge was cyclic
throughout the formation of the deposit with individual cycles showing a gradual increase in
discharge rate, followed by an abrupt decrease. Mixing with brine pool fluids caused quenching of

these fluids.
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CHAPTER 1

PALEOZOIC OCEANS AND THE FORMATION OF

STRATIFORM SEDIMENT-HOSTED LEAD-ZINC DEPOSITS

INTRODUCTION

Stratiform sediment-hosted Pb-Zn deposits are generally interpreted to reflect submarine
venting of hydrothermal fluids during the extensional faulting of continental crust (Large,
1981; Badham, 1981). It has been recognized that an anoxic depositional environment is
prerequisite for the formation and preservation of stratiform Pb-Zn deposits (Large, 1981;
Vaughan, 1981). Though widespread in strata of Proterozoic and Lower Paleozoic age,
stratiform Pb-Zn deposits are absent in strata younger than Mississippian age. This paper
presents data and interpretations which suggest that the disappearance of this class of ore

deposit coincided with a middle Paleozoic global decrease in the extent of anoxic ocean waters

(cf. Berry and Wilde, 1978).
CHARACTERISTICS OF STRATIFORM Pb-Zn DEPOSITS

Ore Deposit Character

Stratiform sediment-hosted Pb-Zn deposits (Table 1.1), also known as sediment-hosted
submarine exhalative lead-zinc deposits, shale-hosted Pb-Zn deposits and sediment-hosted
massive sulfide deposits, are regarded as a distinct class of ore deposit (Large, 1981; Smith,
1983; Sawkins, 1984). Although minor volcanic rocks are associated with some deposits, this
class of deposits is distinguished from volcanogenic massive sulfide deposits by their general
lack of association with volcanic rocks and by higher lead to copper ratios (Gustafson and '
Williams, 1981). Stratiform Pb-Zn deposits occur as concordant sheet-like to tabular bodies
which commonly are adjacent to or overlie zones of discordant sulfide-bearing veins or

breccias. The stratiform portions range up to tens of meters thick and up to thousands of
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Agjhore, Intia Hiddle-Late Prot, (1400-140Fe {ln, P 5 )] #.0.  Wair and Ray, 1977
Bansberg, £.5.A. Hiddle Prot. (M1300) Feln b H g 85 Rozendaal, 1980
kggenevs, 5.0, Rrddie Prot, %1300 Py In Lu $ 1 15 Lantcha, 1981
Sullivan, .0, Hiddle Frot, (*I1A300 s s 1 il Hagilteon ot al,, 1982
Highlands, Rontina Hiddle Prot. 11404-1450) In Pd s ] kel Thorson, 1982
W0, Australie fiddle Prot, (*18501 In Pb Ly £ [} u.9.  Lashert, 1978
Fount Isa, Australia Middle Prot, 171430 In Pb C ] #.0.  Bathuas and Clark, 1973
Bugald Piver, Australys Hiddle Prot, LI70A-14001  In PB 3 1 H.D.  Bhtcher, 1975
Lady Loretts, Australas Middie Prot, M1700) In Pb L 0 #.5.  Loudon ot al., 1975
Sargipals, indra fiddle Prot. (“1800! Pb Lo s H "0, Sartar, 1974
Broten Mill, Australia Early-Riddle Prot. 01700) Pb In Fe - 1 H.0.  Johnson and Klinger, 1973

. 1980

tawar. Indra Earlv Prot. {2000-1700)  In Pb Ag ¢ ! KD, Mudherjee and Sen,
Bariba-Fajpura, Inha Early Frot. (T500-20000  In Pb 4g 8 0 w0, Deb and Bhatlacharya, 1980

Table 1.1 Selected characteristics of stratiform Pb-Zn deposits. AGE: Prot
=Proterozoic, Miss. ==Mississippian, Penn. = Pennsylvanian. METALS: major metals
are listed in order of abundance. ROCK: lithology interbedded with sulfide strata: S =
shale or metamorphosed equivalent, C = carbonate or metamorphosed equivalent. ORG:
O = significant carbonaceous matter or graphite is present in strata interbedded with
sulphides, X ==absence of carbonaceous matter in host strata. LAT.. approximate
paleolatitude of stratiform deposit during formation. Paleolatitudinal data for deposits of
Paleozoic age from Scotese (1984); for North American deposits of Proterozoic age from
Irving (1977) and for South African deposits of Proterozoic age from Piper (1973).



meters in lateral dimension.

Sphalerite, galena, pyrite and/or pyrrhotite are typically the dominant minerals; chert,
barite, siderite and ankerite are important minerals in many deposits and chalcopyrite,
tetrahedrite and arsenopyrite commonly are present as minor phases. The stratiform horizons
are usually finely laminated, with monomineralic to polymineralic laminations of
hydrothermal minerals ranging in thickness from a millimeter to a centimeter. Within
unmetamorphosed deposits of this class such as McArthur River (Lambert, 1976),
hydrothermal minerals are very fine-grained. Lead to zinc ratios range from 1:0.85 to 1:8
(Lydon, 1983). Most deposit-scale studies of stratiform deposits have led to the conclusion
that mineralization reflects the sedimentary accumulation of sulfides from a submarine
hydrothermal vent (Krebs, 1981; Hamilton et al, 1983; Turner, 1984; Goodfellow and
Jonasson, in press).

Stratiform deposits are characteristically interbedded with and hosted by organic-rich
mudrocks that lack evidence of bioturbation {Large, 1981; Smith, 1983). These carbonaceous
mudrocks commonly occur in association with turbidites and are interpreted to reflect deep
marine conditions; such is the interpretation at Sullivan (Hamilton, 1983), at deposits in the
Selwyn basin (Turner, 1984; Goodfellow and Jonasson, in press) and at Rammelsberg
(Hannak, 1981). At some other deposits, such as Meggen (Krebs, 1981), Silvermines (Taylor
and Andrew, 1978) and McArthur River (Williams, 1978), organic rich strata hosting
stratiform mineralization occur adjacent to shallow water carbonates interpreted to suggest
that these stratiform Pb-Zn deposits formed in small, deep water basins within a platformal

environment.

Tectonic Setting

The distribution of Paleozoic stratiform Pb-Zn deposits, combined with reconstructions
of paleogeography by of Scotese (1984), indicate that these Pb-Zn deposits formed
predominantly in miogeoclinal strata along the rifted margins of continental masses (Fig. 1.1).

Deposits of Paleozoic age in the Selwyn basin (Abbott, in press), the German Variscan basin
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Figure 1.1 The distribution of stratiform Pb-Zn deposits of Middle Devonian to
Mississippian age plotted on the Late Devonian (Famennian) paleogeographic
reconstruction of Scotese (1984).

Stratiform deposits are labeled: Red Dog (RD), Lik (LK), Jason-Tom
(JT), Clear Lake (CL), Cirque (CQ), Triumph (TR), Tynaugh (TY},
Rammelsberg (RM), Meggen (MG), Mirgalimsai (MR}, and Tekeli (TK).
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(Large, in press), the Irish basin (Sevastopulos, 1981) and the central Siberian basin (Smirnov,
1977) occur along the margins of the Laurasian and Kazakhstan continental blocks (Fig. 1.1).
The distribution of stratiform Pb-Zn deposits of Proterozoic age, combined with the
Proterozoic continental reconstruction of Piper (1983), indicates that stratiform deposits
formed both along the margins of the Proterozoic supercontinent (e.g., Broken Hill,
Ducktown, Aberfeldy) as well as within intracontinental rift zones (e.g., Sullivan, MacArthur
River, Zawar) (Fig. 1.2).

Within the stratigraphic sequence of a miogeoclinal or intracontinental rift, stratiform
Pb-Zn deposits occur in marine strata that postdate the early redbed-basalt-evaporite stage of
rift basin formation (Large, 1986). Stratigraphic evidence, such as locally derived
sedimentary breccia (Williams, 1978; Turner, 1985) and abrupt changes in facies or thickness
of sediment (Krebs, 1981; Hannak, 1981) within the strata hosting the stratiform deposits,
suggests association with active synsedimentary faults. Faults are interpreted to reflect a rift
tectonic setting (Russell, 1978; Large, 1981) or a transcurrent tectonic setting (Eisbacher,
1983; Smith, 1983;). Extensional tectonism and associated stratiform Pb-Zn deposits postdate
the age of initial rift formation of the basin or continental margin by tens to several hundred
million years. The oldest sediments in the Selwyn basin, for example, were deposited during
a Late Proterozoic rift event (750 to 650 my), yet the major stratiform deposits are related to
extensional or transform faulting events of Lower Cambrian (~ 550 my), Lower Silurian (™ 430

my) and Late Devonian (~ 375 my) ages (Abbott, in press).

Age

Stratiform Pb-Zn deposits occur in strata ranging in age from Early Proterozoic (2500
my) to Mississippian (320 my) (Table 1.1, Fig. 1.3) and are conspicuously absent from strata
of latest Paleozoic, Mesozoic and Cenozoic age. The absence of stratiform Pb-Zn deposits in
the Archean has been attributed to the absence of stabilized cratons and hence the absence of
continental rift environments (Sawkins, 1983), the lack of a crustal lead source (Sangster,

1972) and the lack of a sulfur source for non-volcanogenic hydrothermal systems (Meyer,
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o PROTEROZOIC AGE RIFT ZONE

Figure 1.2 The distribution of stratiform Pb-Zn deposits of Proterozoic and Lower
Cambrian age plotted on the Proterozoic supercontinent of Piper (1983). The perimeter
of the continental mass is interpreted as a continental margin enviroment. Sclected
Proterozoic age deposits are labeled: Broken Hill (BH), McArthur River (MR), Zawar
(ZW), Sullivan (SL), Ducktown (DT) and Aberfeldy (AB).
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Figure 1.3 The distribution of stratiform Pb-Zn deposits with respect to geologic time
based on Table 1. Also plotted are major periods of rifting after Baer (1983) ~~4 Piper
(1983); glacial epochs after Harland (1983) and Crowell (1983); and the at: spheric
oxygen growth curve of Cloud (1978) showing atmospheric oxygen con: as a
percentage of present atmospheric oxygen content.
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The absence of stratiform Pb-Zn deposits in post-Mississippian strata may be
attributable to several possible causes. These are: (1) the lack of the appropriate tectonic
setting for the formation of stratiform Pb-Zn deposits during post-Mississippian time, (2) the
present lack of exposure of sedimentary strata that might host post-Mississippian stratiform
Pb-Zn deposits and/or (3) the absence of the necessary physiochemical conditions for the
formation of stratiform Pb-Zn deposits in post-Mississippian time. Each of these possibilities

is discussed below.

Tectonic settings favorable for the formation of stratiform Pb-Zn mineralization have
been repeated throughout post-Mississippian times. Many examples of continental margin
sedimentary rocks of late Paleozoic, Mesozoic and Cenozoic age are interpreted to have
formed within an extensional or wrench tectonic setting. For example, rift basins of
Pennsylvanian age occur in the western United States and evidence for Late Paleozoic
submarine transform faulting in southern Europe and northern Africa has been presented by
Arthaud and Matte (1977). In neither case are stratiform Pb-Zn deposits known to occur.
The rifting of the Pangean super-continent from the Triassic to the Holocene established
major continental margins on all the present continental masses (Windley, 1977). Although
there are Pb-Zn deposits that formed in association with Jurassic rifting of the Alpine-
Mediterranean region, Cretaceous rifting in the Benue trough, Africa and late Tertiary rifting
in the Red Sea area (Windley, 1977), these deposits are epigenetic in character, rather than

syngenetic stratiform deposits.

Sawkins (1983) suggests that rift-related strata of Mesozoic or Cenozoic age that might
host stratiform Pb-Zn deposits are deeply buried under modern continental margin sequences.
While this is true for present-day Atlantic-type margins, Mesozoic and Cenozoic sediments
deposited along rifted margins of Pangean continental fragments are exposed within the
Alpine orogenic belt over a strike length of almost 4000 km (Windley, 1984). Late Paleozoic

to Cenozoic continental margin sedimentary rocks are exposed along a strike length of over
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5000 km in the Himalayan orogenic ‘belt (Gansser, 1964). Continental margin sequences are
also exposed along the rifted margins of the Red Sea (Cochrane, 1983) and the Gulf of
California. None of strata is known to host stratiform sediment-hosted Pb-Zn deposits.
Neither an absence of the appropriate tectonic setting nor a lack of exposure of host
sedimentary rocks appears adequate to explain the absence of stratiform deposits in post-
Mississippian time. The implication is that the occurrence of the necessary physiochemical
environment for stratiform sulfide deposition, particularily reduced ocean water masses, was

much less common in post-Devonian times.

SUBOXIC AND ANOXIC MARINE ENVIRONMENTS

Demaison and Moore (1980) define anoxic environments in the modern ocean as settings
where the concentration of dissolved oxygen in the ambient ocean water is less than 0.5 ml/l.
Where these waters impinge on the ocean floor, the extremely low oxygen values limit biologic
activity and enhance the capacity of sea floor muds to preserve organic matter which is
generally enriched in these environments. Indeed, Rhodes and Morse (1971) formulated a now
widely applied model relating decreasing dissolved oxygen values to decreasing biologic
activity and bioturbation of sediment involving (1) homogenized-well bioturbated sediments
and normal megafaunal associations at dissolved oxygen values of 1.0 ml/l or higher,
representing oxic (e.g. aerobic) settings, (2) reduced megafaunal activity and bioturbation at
dissolved oxygen values between 1.0 and 0.3 ml/l representing suboxic {e.g. dysaerobic)
conditions, and (3) elimination of megafaunal activity and preservation of laminated
depositional structure when dissolved oxygen values are less than 0.1 ml/l representing fully
anoxic (e.g. anaerobic) environments. Such oxygen concentrations correspond to Eh values of
-0.3 to -0.4 volts. This model has recently been updated by Thompson et al., (1985) based
upon observations at sites where the so-called oxygen minumum zone (OMZ) or layer
impinges against the continental margin off central California. These workers report

biologically homogenized sediment at dissolved oxygen values as low as 0.5 ml/l. In short,
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anoxic marine environments leave a clear sedimentary imprint both in terms of laminated
structure and greater preservation of organic matter leading to organic-rich and laminated

sedimentary rocks (Demaison and Moore, 1980).

Anoxicr and near-anoxic conditions on the sea floor commonly occur where the
biochemical oxygen demand exceeds the supply of dissolved oxygen in the ambient ocean
water. The distribution of dissolved oxygen in the modern ocean is a function of surface
air/sea mixing, temperature and salinity induced stratification of ocean waters, the origin of
the discrete water masses, vigor of vertical circulation, rate of biologic productivity in surface
waters, rate of advection of intermediate water, and bathymetric control of intermediate and
deep water circulation. Because advective processes are important in deeper water the "age”
of a given water mass also can also have a bearing on it’s dissolved oxygen content as the

water travels at depth below the surface layer.

Significantly, a distinct oxygen minimum zone (OMZ) or layer characterizes the
intermediate water masses of the modern ocean at depths between 200 and 1000 m (Wystki,
1962; Kennet, 1982). This feature is especially well developed beneath areas of vigorous
upwelling and consequent high biologic productivity. In fact, the degree of anoxia within the
OMZ is related to the rate of biologic productivity in the overlying surface layer and to the
rate of advection of the intermediate waters. The OMZ in the modern ocean is most strongly
developed beneath equatorial areas and the eastern sides of ocean basins, regions
characterized by vigorous upwelling and high primary productivity. The well developed OMZ
in these areas reflects the relatively large amounts of biologic debris descending to
intermediate depths, the extraction of dissolved oxygen via the combustion of the material,
and the fact that oxygen cannot be replenished at these depths. The OMZ is often most
intensely developed in areas of coastal upwelling (Calvert and Price, 1971) and in marginal
seas such as the Gulf of California (Roden, 1964) where complex bottom topography restricts
circulation and flushing of deep basin waters. Patterns of dissolved oxygen in the array of

marginal basins developed in the borderland off southern California clearly illustrate the role
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of basin topography and sill depth in- the creation of anoxic and suboxic basin slope and floor
settings characterized by laminated and highly organic sediments (Savrda, Bottjer, and

Gorsline, 1984).

Sedimentation in anoxic environments

The total 6rganic carbon content of a rock reflects the competing effects of biologic
productivity, degree of preservation of the organic matter, and the rate of clastic
sedimentation which dilutes the organic component. Mudrock deposited under anoxic
conditions is commonly rich in organic matter (Fischer and Arthur, 1977; Didyk et al., 1978;
Demaison and Moore, 1980). Although organic productivity is sometimes low in waters
overlying stratified anoxic waters (Broecker, 1977), anoxic environments strongly favor the
preservation of organic matter, largely because of the lack of oxygen. The benthic fauna
common under oxic conditions consume organic matter and facilitate oxidation of sediment
by their burrowing activity (Demaison and Moore, 1980). Mudrock deposited under anoxic
conditions commonly has a finely laminated texture because of the exclusion of a benthic
infauna when dissolved oxygen is less than 0.2 ml/l (Calvert, 1964; Rhodes and Morse, 1971;

Soutar et al., 1977).
ANOXIC PROTEROZOIC AND PALEOZOIC GLOBAL OCEAN

Lower Paleozoic Ocean

Geological evidence indicates that the Lower Paleozoic ocean was characterized by a
much expanded and more intensely developed oxygen minimum zone (OMZ) within the
intermediate water layer than is present in the modern oceans (Berry and Wilde, 1978). The
widespread distribution of organic-rich, non-bioturbated shales of Middle Cambrian to Early .
Devonian age indicates widespread anoxic conditions existed along continental margins
during this period (Berry and Wilde, 1978). The distribution of pre-Middle Devonian organic-
rich rocks, in contrast to younger Paleozoic strata, is not consistent with the inferred

locations of paleo-upwelling zones suggesting that anoxic environments were not limited to
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upwelling zones (Parrish, 1982). The low carbon to sulfur ratios of Cambrian to Devonian
strata suggest deposition during anoxic conditions (Berner and Raiswell, 1983). Models of the
sulfur and carbon flux through Earth history imply a low burial rate of organic carbon during
the Lower Paleozoic and a low organic productivity which is typical of stratified ocean

conditions (Berner and Raiswell, 1983).

There is evidence that this intensed oxygen minimum gzone was overturned and
dissipated in Devonian times. Evaporites of Late Devonian age worldwide record a sharp
increase in 6%S that suggests a sudden overturn of very anoxic seawater (Holser, 1977;
Claypool et al., 1980). The virtual extinction of graptolites and the initial proliferation of
fishes during the Middle Devonian (Berry’ and Wilde, 1978) may be explained by this proposed
toxic overturn event and subsequent expansion of hospitable environments for nectic and

planktonic life.

Proterozoic Ocean

The paleo-chemistry of waters below the surface mixing zone in the Early and Middle
Proterozoic ocean is poorly known. Because benthic fauna did not evolve until the Late
Proterozoic (Cloud, 1978), finely laminated sediment of Proterozoic age is not necessarily
diagnostic of formation under anoxic conditions. The paucity of sulfate deposits and the poor
biostratigraphic age control provide few constraints on the sulfur isotope variation of the
Proterozoic ocean water through time (Claypool et al., 1980). However, several lines of
evidence suggest that the Proterozoic oceans may have been less oxygenated than the modern
ocean. The late Early Proterozoic and Middle Proterozoic are distinctive by the absence of
glaciation events (Harland, 1983). Globally equable climates with weak latitudinal thermal
gradients result in sluggish oceanic circulation and the consequent expansion of the oxygen
minimum gzone. Colder glacial epochs are characterized by increased oceanic circulation,
more efficient oxygenation of the oceans and the contraction of the oxygen minimum zone

(Fischer and Arthur, 1977). Therefore, this period from 2000 my to 1000 my likely was

typified by sluggish oceanic circulation, a setting that favors oceanic stratification. However,
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it must be noted that stratiform deposits do not appear to be more abundant during this
non-glacial period than the following Late Proterozoic period which was punctuated by major
glacial events. The low levels of atmospheric oxygen during the Proterozoic would also have
favored a poorly oxygenated hydrosphere. Cloud (1978) argues that even by the end of the
Proterozoic, the oxygen concentration in the atmosphere had only reached ten percent of the
present atmospheric oxygen level, although this assertion has been challenged by several
authors ( e.g., Windley et al., 1984). The low carbon to sulfur ratios in Precambrian strata

(Berner, 1984) also support the presence of a anoxic ocean.

Causes of Anoxia and Ventilation

Berry and Wilde (1978) suggest that an anoxic deep water mass, inherited from the
Archean, persisted through the Proterozoic and Lower Paleozoic and that oxygenation of the
deep oceans lagged behind that of the shallow oceans and atmosphere. Several major periods
of glaciation occurred during the Late Proterozoic between 900 and 600 my (Harland, 1983).
The major Late Carboniferous glaciation in Gondwanaland persisted from mid-Carboniferous
to mid-Permian (Crowell, 1983). Less significant glacial periods also occurred during the Late
Ordovician and Middle Devonian (Crowell, 1983). Berry and Wilde (1978) argue that these
successive glaciations during the late Prec‘ambria.n and Paleozoic caused a progressive
expansion of the deep, oxygenated waters of the oceans and a simultaneous contraction of the
residual oxygen minimum zone. The Middle Devonian and major mid-Carboniferous to mid-
Permian glaciations completed this oxygenation process. Holland (1983) notes that this
proposed oxygenation of the oceans does coincide with a major increase in atmospheric
oxygen concentration levels associated with the Devonian invasion of the continents by higher

land plants as proposed by McLean (1678).

Variations in Degree of Anoxia in Lower Paleozoic Ocean

Temporal variations may have existed in the redox state of anoxic Lower Paleozoic

oceans. Four periods of extreme basin water stagnation have been interpreted from evidence
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in Lower Cambrian to Late Devonian strata in the Selwyn basin, Yukon (Goodfellow and
Jonasson, 1984). More oxygenated periods of the stratified oceans were likely related to

periods of expansion of the polar ice cap (Berry and Wilde, 1978).

In addition to these temporal variations, spatial variations in oceanic redox conditions
due to upwelling and basin restriction likely caused the local development of extremely
reduced waters within the anoxic global ocean. Parrish (1982) predicts the locations of
upwelling during the Paleozoic era using paleogeographic reconstructions and modeled
atmospheric circulation. Demaison and Moore (1980) indicate that throughout geologic time,
the Coriolis eflect has focused deep circulation on the western side of ocean basins, causing a
tendency for relatively sluggish circulation to occur on the eastern sides of oceanic basins.
Claypool et al. (1980) recognize that during interpreted periods of overturn of stratified
waters, the sharp rise in the general worldwide levels of %S is accompanied by even higher
values of 6%S within particular regions. These very high values are interpreted by the
authors to reflect the overturn of locally developed very anoxic basins.

ASSOCIATION OF STRATIFORM Pb-Zn DEPOSITS AND ANOXIC
CONDITIONS :

Textural and Stratigraphic evidence

Of the 44 stratiform Pb-Zn deposits listed in Table 1.1, 30 are hosted by strata rich in
organic carbon. An anoxic depositional environment is inferred from the finely laminated
carbonaceous strata associated with most unmetamorphosed stratiform Pb-Zn deposits. Of
the remaining deposits, eight are hosted by micritic carbonate sediments. As the rate of
carbonate mud sedimentation is characteristically high (Bathurst, 1978), the low organic
carbon content of these deposits may reflect dilution by high carbonate sedimentation rates.
Five of the deposits have undergone medium to high grade metamorphism that may have
caused the oxidation of organic matter (Nesbitt and Kelly, 1980). The Sullivan deposit is
hosted by siltstone turbidites which reflect deposition in a site with a high rate of terrigenous

sedimentation (Hamilton et al., 1983).
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Four paleo-anoxic settings are recognized for the carbonaceous, non-bioturbated

mudrocks that host stratiform sulfide deposits:

(1) Regionally extensive, non-bioturbated carbonaceous shale and chert: these strata are
interpreted to reflect very starved, anoxic, deep marine basin conditions. Such stratigraphic
units host the Howards Pass stratiform deposit, Selwyn Basin. The very heavy sulfur isotope
content of pyrite, non-bioturbated carbonaceous sediment, graded beds of pyrite framboids,
anomalously high sulfur-to-carbon ratios in the sediment and the absence of ostracods and
deep-water conodonts suggest a stratified, very anoxic water column in the Selwyn Basin
during the formation of the Howards Pass deposit (Goodfellow and Jonasson, in press). Other
examples of stratiform deposits in similar depositional settings are the Cirque and Driftpile
Creek deposits (Table 1.1). At the Red Dog deposit, the change from anoxic to oxidizing
éonditions within the local water column during the Mississippian to Permian coincides with

the disappearance of sulfide mineralization in the strata (Moore et al., in press).

(2) Regionally extensive non-bioturbated carbonaceous shale with interbedded coarser
turbidite sediments: these sedimentary rocks are interpreted to reflect fluctuations between
very low and high rates of sedimentation in anoxic deep marine basin environments. The
non-bioturbated carbonaceous chert and siltstone, characterized by isotopically very heavy
pyrite and very high V/Cr ratios and interbedded with coarse-grained turbidites and debris
flows that host the Jason and Tom deposits are suggestive Qf a very reducing bottom water
environment (Large, 1981; Turner, 1984; Goodfellow and Jonasson, 1984). Other deposits in

similar sedimentary settings are Rammelsberg and Triumph (Table 1.1).

(3) Locally developed non-bioturbated carbonaceous shales adjacent to coeval non-
carbonaceous facies: these sedimentary rocks are interpreted to reflect locally developed
anoxic marine environments adjacent to shallower marine oxygenated environments. A close
spatial relationship exists between sulfide lenses and graphitic schist and isotopically very
heavy pyrite in the Anvil district (Shanks et al., in press). Other deposits in similar settings

are Meggen and Gamsberg (Table 1.1).
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(4) Locally developed, finely laminated lacustrine carbonaceous shales adjacent to
coeval non-carbonaceous strata. At the McArthur River deposit, the carbonaceous strata
hosting sulfide mineralization are interpreted by Muir {1983) to reflect a shallow-water, anoxic

lacustrine environment adjacent to oxic lacustrine and subaerial environments.

Settings 1 and 2 suggest formation of stratiform deposits within large, deepwater anoxic
basins. Settings 3 and 4 suggest formation of stratiform deposits within anoxic waters close
to an interface with shallower oxic waters. Each of the groups illustrates the close association

of stratiform sulfide deposits and anoxic depositional environments.

Temporal Association

As argued above, a stratified global ocean with a much expanded oxygen minimum zone
existed during Proterozoic and Lower Paleozoic times. This stagnant state may have been
disrupted during the Devonian and Mississippian (Fig. 1.3). Stratiform Pb-Zn deposits occur
throughout the Proterozoic and Lower Paleozoic but are absent in rocks younger than
Mississippian age. The exclusive formation of stratiform Pb-Zn deposits during the existence
of a very stratified global ocean strongly suggests that a genetic link exists between anoxic

conditions and the formation and/or preservation of stratiform Pb-Zn mineralization.

Paleo-latitudinal Control

In all cases, stratiform Pb-Zn deposits formed at paleolatitudes less than 45 degrees and
that over 75 percent formed at a paleolatitude of less than 30 degrees (Fxg 1.4). This
latitudinal control is interpreted to reflect the greater tendency of highly anoxic conditions to
form at low latitudes. Oxygen is less soluble in the warmer waters of tropical latitudes
(Weiss, 1970). Tropical areas are at a maximum distance from the polar source areas of
oxygenated deep waters and, hence, deep oxygenated waters may be consumed prior to
reaching low latitudes during periods of sluggish circulation (Berry and Wilde, 1978).
Upwelling, the major cause of anoxia in the modern ocean, is most commonly developed at

latitudes less than 40 degrees (Ziegler et al., 1979).



-17-

80 -
60 A
@
©
2 40 -
=
=
|
° L
2
@«
& 20

§ ! I ! 1 i
0 2 4 6 8 10

number of deposits

Figure 1.4 The relationship of paleo-latitude and the occurence of stratiform Pb-Zn

deposits of Paleozoic age (based on data from Irving, 1977; Piper, 1973 and Scotese,
1984).
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Selwyn Basin -

Within this low latitude belt of stratiform Pb-Zn deposit occurrences, more local factors
may have been important in creating environments of extreme anoxia. The 6%S of Late
Devonian evaporites in the Alberta basin of Canada suggest that they formed adjacent to an
anomalously anoxic marine basin (Claypool et al, 1980). The source of these very anoxic
waters was, at least in part, the Selwyn basin, a Lower Paleozoic marginal sea on the west
coast of Paleozoic North America (Abbott, in press). Goodfellow and Jonasson (1984) and
Shanks et al (in press) suggest that the formation of stratiform Pb-Zn deposits in the Selwyn
basin coincided with periods of extreme basin stagnation. Based on the §*S values for basinal
diagenitic pyrite from Lower Paleozoic strata, these authors conclude that stratiform deposits
of Lower Cambrian, Lower Silurian and Late Devonian age formed during basin-wide
stagnation events in which most or all the seawater sulfur was in a reduced state. The
extreme anoxia in the waters of the “Selwyn Sea” likely reflects the combined effects of
upwelling (Figs. 5, 7, 8, 9, in Parrish, 1982), restriction of basinal waters (Goodfellow, 1984),
the regional stagnation of ocean waters on the eastern side of the proto-Pacific ocean
(Demaison and Moore, 1980) and the anoxic state of the global oceans. This evidence is
suggestive that stratiform Pb-Zn deposits preferentially formed in extremely reduced

environments within the globally stratified Proterozoic and Paleozoic oceans.

ANOXIA, SULFUR SOURCE AND STRATIFORM DEPOSITS

The association of anoxic conditions and stratiform deposits may reflect two different
but related factors: (1) the availability of reduced sulfur for metal sulfide formation and 2)
the post-depositional preservation of the metal sulfide sediment. The possible major sources
of sulfur for sulfides in sediments are the mantle and seawater or evaporite sulfate. Isotopic
evidence suggests that seawater sulfate has been a major source of sulfide in sediment-hosted
deposits during the Phanerozoic (Sangster, 1968, 1976) and as far back as the Archean
(Monster et al., 1979; Schidlowski, 1979). The reduction of seawater sulfate to sulfide may

result from several processes. Low-temperature (T < 70° C) biogenic reduction by sulfate-
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reducing bacteria that use sulfate for anaerobic oxidation of organic matter can occur in
anoxic seawater (Brewer and Spencer, 1974) and shallowly buried reducing sediments
(Trudinger, 1976). The non-biogenic reduction of sulfate by organic matter at higher
temperatures (T > 80° C) has been suggested to explain isotopic patterns in sulfur species
associated with the maturation of hydrocarbons in sedimentary basins (Orr, 1974). As well,
high temperaturé (T > 250° C) inorganic reduction of sulfate by ferrous iron has been
established experimentally by several workers (e.g., Hajash, 1975). Unfortunately, there are
no unequivocal criteria for distinguishing whether the sulfide in a sediment-hosted ore deposit
is biogenically reduced sulfate or non biogenically reduced sulfate (Trudinger, 1976). Sulfur
isotope data, the most commonly used criteria, can be ambiguous because both bacteriogenic
exchange reactions and high-temperature inorganic exchange reactions between sulfide and

sulfate can produce similar isotopic patterns (Ohmoto and Rye, 1979).

Several lines of evidence, however, favor bacterially-reduced seawater sulfate as a major
sulfur source during the formation of stratiform sediment-hosted Pb-Zn deposits.
Mathematical modeling of sulfide productic?n in organic-rich sediments (Trudinger et al., 1872;
Rickard, 1973), as well as kinetic studies of the rates of sulfate reduction in modern anoxic
marine sediments (Trudinger, 1981) suggest that bacteriogenic sulfide production is suﬂ'icie‘nt
to produce sulfide accumulations equivalent in mass to stratiform ore deposits. The results of
sulfur isotopic studies of individual stratiform Pb-Zn deposits have also been used to argue
that a major source of sulfur was the biogenic reduction of seawater sulfate. Such deposits
include Silvermines (Coomer and Robinson, 1876); Sullivan (Campbell et al., 1978); Jason
(Gardner and Hutcheon, 1985); Howards Pass (Goodfellow and Jonasson, in press) and Anvil
(Shanks et al., in press). Sulphur isotope data from the Meggen deposit (Buschendorf et al.,
1963); the Rammelsberg deposit (Anger et al., 1966) and Tom deposit (Large, 1981) is
compatible with a biogenically-reduced seawater sulfate source, although the authors of the
particular studies favored different sources of sulfur or different mechanisms of sulfate

reduction. Goodfellow and Jonasson (1984, in press) and Shanks et al., (in press) suggest that
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the sulfur in metal sulfides in the Howards Pass, Tom, Jason and Anvil stratiform Pb-Zn
deposits of the Selwyn basin was derived from very stratified, basin waters where quantitative

bacteriogenic reduction of sulfate to sulfide had created a sulfidic water mass.

The association of stratiform Pb-Zn deposits and anoxic depositional environments may
also reflect the high preservation potential of metal sulfides in anoxic waters and reduced
sediments. The typical occurrence of stratiform deposits in mudrocks suggests that these
deposits form in environments of very low sedimentation rates. Stratiform Pb-Zn deposits
have been interpreted by Sawkins (1984a, 1984b) to result from episodic mineralization events
that may span several million years. Goodfellow and Jonasson (in press) interpret
paleontological data at the Howards Pass deposit, Yukon, to indicate that mineralization
spanned 3 to 5 million years. The Jason deposit may have formed over a period of 150,000
years (Chapter 3). Preservation of sédiment‘ary sulfides from post-depositional oxidation in
conditions where rapid burial by sediment does not occur requires a reduced bottom water.
In modern sediments, most biogenically produced sulfide is rapidly reoxidized to sulfate
(Trudinger, 1981). Rapid oxidation of massive sulfides in the oxygenated conditions of the
modern oceans has been documented at hydrothermal sites on ocean ridges (Francheteau et
al., 1979). Only environments that are insulated from the oxygenated modern ocean allow the
preservation of stratiform sulfide, such as the brine pool of the Atlantis II deep, Red Sea

(Zierenberg, 1984).

CONCLUSIONS

Modern metal transporting geothermal systems are sulfur-deficient, and the factor
limiting the formation of base-metal sulfides is the availability of reduced sulfur (White,
1981). Bacterial feduction of seawater sulfate is widespread in anoxic basins and reducing
sediments, and formation of metal sulfide is limited only by the availability of metal
(Trudinger et al., 1972; Rickard, 1973). Therefore, the coincidence of a exhalative metal-
bearing geothermal system and a reduced watermass is very favorable for the formation of

stratiform sulfide mineralization.
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The distribution of anoxic ocean waters in time and space is proposed as a first-order
control on the occurrence of stratiform Pb-Zn deposits. The modern ocean, characterized by
vigorous circulation, is predominantly oxygenated, and anoxic conditions are commonly
associated with upwelling and development of an intense oxygen minimum zone along the
eastern sides of major ocean basins (Demaison and Moore, 1980). During the Mesozoic and
Cenozoic eras, periods of regional oceanic stagnation occurred for timespans of only 20 million
years or less (Arthur and Fischer, 1978). In contrast, anoxic oceanic conditions likely persisted
throughout much of Lower Paleczoic time, a period of over 240 my. It is likely that the
Proterozoic ocean was anoxic for much of its history as well. The occurrence of stratiform
Pb-Zn deposits throughout the Proteroz;)ic and Lower Paleozoic and the disappearance of
these deposits from the rock record coincident with the period of oxygenation of the world
ocean strongly supports the contention that anoxic ocean waters were prerequisite for the

formation and preservation of stratiform Pb-Zn deposits.
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CHAPTER 2

SYNSEDIMENTARY FAULT CONTROL OF LATE DEVONIAN AGE
SEDIMENTARY BRECCIAS AND STRATIFORM LEAD-ZINC DEPOSITS,

JASON PROPERTY, MACMILLAN PASS, YUKON

INTRODUCTION

Stratiform sediment-hosted lead-zinc deposits are sheet-like bodies of zinc, lead and iron
sulfides interbedded concordantly with fine-grained sedimentary strata. These deposits are up
to tens of meters in thickness, up to thousands of meters in lateral dimension and include
some of the largest accumulations of sulfide minerals known. Numerous authors have
presented stratigraphic and textural evidence to support the theory that stratiform lead-zinc
deposits form by the submarine discharge of metal-rich hydrothermal fluids along active faults
during periods of rifting or wrench faulting of intracratonic or continental margin sedimentary
basins (Carne, 1979; Large, 1981; Hannak, 1981). The source of the metalliferous
hydrothermal fluids are thought to be sedimentary basin brines (Badham. 1981; Lydon, 1983)
or heated waters convected through continental crust during extensional faulting (Russell,

1983).

Though much regional and deposit scale stratigraphic “evidence suggests that the
formation of stratiform mineralization is associated with extensional faults (Sampson and
Russell, 1983; Krebs, 1981; Hoy, 1982; Walker et al., 1977), only studies of the Silvermines
lead-zinc deposits (Taylor and Andrew, 1978; Taylor, 1984; Andrew, 1986) have identified
specific synsedimentary faults that acted as a fluid conduit for hydrothermal fluids. The
present study of the stratigraphic and structural setting of the Jason deposit provides
additional evidence for the genetic link between synsedimentary faulting and stratiform lead-

zinc mineralization.
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Stratiform lead-zinc sulfides interbedded with marine carbonaceous shale and turbidites
were discovered on the Jason property near Macmillan Pass, Yukon (Fig. 2.1) in 1976. Smith
(1978) first recognized a link between Devonian age synsedimentary faults and stratiform
mineralization in this area. Later workers have presented data on the stratigraphic setting
(Teal and Teal, 1979; Winn et al.,, 1981; Turner, 1985; Bailes et al., in press) and the
character of the stratiform mineralization (Gardner, 1983; 1985; Turner, 1985). Turner (1985)
documented a synsedimentary fault, here termed the Jason fault, immediately adjacent to the
stratiform sulfide body that he interpreted as a conduit for exhalative hydrothermal fluids.
The present paper documents in greater detail the lithologies of the sedimentary deposits
adjacent to the Jason fault, the nature of the fault itself and the mineralization and alteration
that is in proximity to it. These data are combined to yield an integrated model for the
sedimentation of mass flow deposits adjacent to the submarine scarp, and the flow of
hydrothermal fluids that moved up the fault and both infiltrated laterally into shallow

sediments and discharged onto the seafloor.

The principal method of investigation was the study of over 10,000 m of drill core; key
intercepts were logged at a scale of 1 ¢cm == 1 m. Selected samples were studied in thin
section and by X-ray diffraction and electron microprobe to confirm hand lens mineral
identification and determent mineral compositions. Five stratigraphic sections were measured

on surface to augment existing geological maps by company geologists.

GEOLOGICAL SETTING OF THE MACMILLAN PASS AREA

The oldest rocks exposed in the Macmillan Pass area are shale, limestone and sandstone
of late Proterozoic to Cambrian age (Fig. 2.2) deposited along the northwestern continental
margin of North America. These units are overlain by Road River Group carbonaceous shale,
chert, silty carbonat.e and volcanic rocks of Ordovician to Early Devonian age, interpreted as
slope to basin floor sediments of the Selwyn Basin, a deep water embayment into the
carbonate shelf margin (Cecile, 1982). The Road River Group is overlain with local

unconformity by the Lower Earn Group, a sequence of coarse-grained turbidite and
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carbonaceous siliceous shale of Middle to Late Devonian age (Gordey et al.,, 1982). The
Lower Earn Group is unconformably overlain by quartz sandstone, siltstone and shale of the
Upper Earn Group of latest Devonian to early Mississippian age. The Paleozoic miogeoclinal
strata are deformed into a west-trending set of open to isoclinal folds, high angle reverse
faults and north-dipping thrust faults (Fig. 2.2) known as the Macmillan fold belt (Abbott,
1982). These structures appear to be related to regional Jura-Cretaceous deformation and are
cut by quartz monzonite to granite stocks of Late Cretaceous age (Abbott, 1982). The

regional metamorphic grade of the miogeoclinal strata is sub-greenschist facies.

The Earn Group, and equivalent strata exposed throughout northeastern British
Columbia and central Yukon are characterized by local coarse-grained turbidite ‘fan
complexes, abrupt changes in facies and sediment thickness, locally developed unconformities,
and evidence for synsedimentary faulting (Lenz, 1972; Winn et al., 1981; Gordey, 1981;
Gordey et al., 1982). These features have been attributed to rifting or wrench faulting of the
outer continental margin during Middle Devonian to early Mississippian time (Tempelman-
Kluit, 1979; Eisbacher, 1983; Abbott, 1983; Turner, 1985b). Stratiform sediment-hosted
sulfide and stratiform barite deposits of Late Devonian age present throughout northeastern
British Columbia and the Yukon are thought to reflect submarine geothermal activity
associated with this extensional faulting (Carne, 1979; Cathro and Carne, 1982; Maclntyre,

1983,; Turner, 1985a,b).

The lithologic characteristics of the Lower Earn Group suggest deposition in a euxinic,
deep-water setting. This evidence includes the organic-rich nature of carbonaceous siliceous
shale, the absence of evidence for benthic faunal activity or of wave reworking, and the
deposition of all coarse clastic sediments by mass flow. In addition, Goodfellow and Jonnason
(1984) interpret sulfur isotope ratios from diagenetic pyrite with the Lower Earn Group strata
to reflect deposition below a very stagnant water mass in which much of the seawater sulfate

had been reduced to sulfide.

The occurrence of a cluster of stratiform lead-zinc deposits and stratiform barite
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deposits within the Lower Earn_Group in the Macmillan Pass area (Fig. 2.2) has made this
area the focus of several stratigraphic and structural studies (Smith, 1978; Carne, 1979;
Lydon et al, 1981; Winn et al., 1981; Abbott, 1982, 1983). There is evidence for two sets of
Devonian age faults in the Macmillan Pass area; a northwest trending set with strikelengths
greater than 10 km, and a northeast trending set with much shorter strikelengths. Regional
mapping by Abbott (1982,1983b) defined two major northwest-trending structural zones, the
Hess and Macmillan faults, that separate the region into three domains possessing contrasting
structural styles and differing lower Paleozoic stratigraphies. Abbott (1983a) interprets the
Hess and Macmillan faults to have been zones of normal or strike-slip displacement during
mid-Paleoczoic time; younger Mesozoic deformation was influenced by these faults. Abbott
(1985) interprets a discontinuity in the level of erosion beneath the sub-Lower Earn Group
unconformity trending northwest from the Tom stratiform Pb-Zn deposit (Fig. 2.3) as
evidence of a Devonian age fault. Evide#ce for northeast trending faults of Devonian age
include (Fig. 2.3): (1) restoration of the Jason fault (see below) to its Devonian orientation
indicates a east-northeast trend; (2) outcrops of sedimentary breccias within the Lower Earn
Group trend to the northeast from the End zone stratiform Pb-Zn mineralization (Fig. 2.4);
(3) the change in the level of erosion below the sub-Lower Earn Group unconformity across
two north trending faults (Abbott, 1983a) that are 5 km to the north and 10 km to the
northwest of the Jason deposit; and (4) a northeast trend of sedimentary breccias and
interbedded mafic flows within the Lower Earn Group (D. Rhodes, pers. comm. 1983) 15 km
to the northwest of the Jason deposit. The distribution of Devonian age northeast-trending
faults is limited to the northeast and southwest by Devonian age northwest trending faults;
these faults define a rectangular domain of Devonian age extension. Palinspastic
reconstruction of Jura-Cretaceous age regional shortening would lengthen the pull-apart basin
in the northeast direction; it also is likely that some degree of rotation of the trend of faults
has occurred during this compressional event. None-the-less, this geometry of coeval faults is

suggestive of the geometry of a pullapart basin associated with strike slip fault zones (see
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Crowell, 1974; Rogers, 1980). Late Devonian age stratiform lead-zinc deposits and mafic
volcanic rocks are localized at the intersection of northeast trending and northwest trending
faults. Stratiform barite deposits hosted by Lower Earn Group strata occur adjacent to the

Hess and Macmillan Faults peripheral to the pull-apart basin.

GEOLOGY OF THE JASON SYNCLINE AREA

The Jason stratiform Zn-Pb-Ba mineralization occurs on the north limb (Main zone) and
south limb (South zone) of a southeasterly plunging, tightly folded syncline of Mesozoic age
immediately north of the Hess fault (Figs. 2.4, 2.5, 2.6). The stratiform bodies are dominantly
planar but locally deformed into small scale tight folds. West-trending cleavage axial to the
Jason syncline occurs in the host argillaceous strata and is defined by oriented clay and fine-
grained muscovite grains; within the sulfide horizons associated with locally developed small-
scale folds the cleavage is defined by oriented growth of barite and sulfide minerals. The
syncline, here referred to as the Jason syncline, is cut by steeply dipping, east-southeasterly
trending faults that are parallel or oblique to the axial plane of the syncline (Fig. 2.4).

Younger north-trending high angle faults offset all other structures with small displacement.

Previous workers have divided the Lower Earn Group in the Macmillan Pass area into a
vertical succession of informal stratigraphic units (Teal and Teal, 1978; Carne, 1979; Abbott,
1983a). However, because of the informal nature of these terms, and the abrupt facies
changes of the Lower Earn stratigraphy near the Jason fault, tfxese terminologies will not be
used here. Instead, the stratigraphy of the Lower Earn Group is divided into four lithofacies
of local extent that are tenatively correlated with the stratigraphy elsewhere in the Macmillan
Pass area (Figs. 2.4, 2.5, 2.6, 2.7). These lithofacies are: (1) siltstone turbidite lithofacies; (2)
channel complex lithofacies; (3) sedimentary breccia lithofacies and (4) carbonaceous shale
lithofacies.

Abbott (1983a) considers a carbonaceous chert unit of Lower Devonian age as the

lowermost part of the Lower Earn Group. However, in the Jason area an unconformity

separates this chert unit from the rest of the Lower Earn Group (Fig. 2.7). As this chert lacks
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evidence of deposition during the tectonism characteristic of the Lower Earn Group, it is not

considered here as a part of the Lower Earn Group.

Lithofacies
Silistone Turbidite Lithofacses

A monotonous sequence of thin siltstone beds, carbonaceous argillite band minor thin
sandstone beds up to 300 m thick unconformably overlies Ordovician to Lower Devonian
strata in the Jason area. This siltstone turbidite lithofacies is comprised of thin-bedded
siltstone T, Ty turbidites (after Bouma, 1962) up to 4 cm thick with parallel and cross-
lamination that are interbedded with laminae and beds of carbonaceous mudstone. Where
the siltstone turbidite lithofacies occurs lateral to the lower channel complex and overlies the
upper channel complex, it is interbedded with up to 15 percent discontinuous, cross-laminated
sandstone beds (T,.) to 5 cm in thickness interpreted as starved-ripple trains, and 1 to 5
percent sandstone beds up to 30 cm thick comprised of Ty, and T, turbidite divisions.
Beds of the siltstone turbidite lithofacies are interpreted as basin plain deposition; the more
sand-rich portions of this lithofacies adjacent to channel complexes (see below) likely reflect

channel lateral or levee facies deposition (Mutti, 1977).

Turbidite Channel Lithofacies

Massive to graded thick-bedded conglomerate, pebbly sandstone and sandstone comprise
two lenticular bodies in excess of 100°s of feet thick referred to as the lower and upper
channel complexes. These channel complexes occur within and at the top of the siltstone

turbidite lithofacies.

The lower channel complex is a composite of lenticular channel-like bodies of thick-
bedded massive conglomerate, pebbly sandstone and massive sandstone that form thinning
and fining upward sequences 5 to 20 m thick. Conglomeratic units vary from massive
disorganized beds (see Walker, 1970) to organized beds with horizontal and inclined

stratification; the latter suggests deposition on gravel bars within a braided complex of
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turbidite channels (Winn et al. 1881). Isopachs of the lower channel complex indicate it is
comprised of two southeast trending lobes (Hubecheck, 1981). The more southwesterly lobe
(Fig. 2.7) unconformably overlies Road River strata and exceeds 250 m in thickness. To the
southeast and southwest, the lower channel complex thins abruptly and is transitional into

siltstone turbidite lithofacies.

The upper channel complex is comprised of amalgamated beds, 1 to 20 m thick, of
massive chert pebble conglomerate that lack sedimentary structures. Towards the Jason
fault, the upper channel complex thins markedly and becomes sand-rich adjacent to the Jason
fault (Fig. 2.7). The upper channel complex is more laterally extensive than the lower channel
complex and occurs throughout much of the Macmillan Pass area north of the Hess fault. It is

correlative with unit muDecg of Abbott (1983a).

Sedimentary Breccia Lithofacies

The stratigraphy of the Jason area is characterized by a thick sequence of sedimentary
breccias. Thick-bedded sedimentary breccia units interbedded with beds of siltstone turbidite
and carbonaceous mudstone comprise a northward thinning lithofacies that near the Jason

fault exceeds 280 m in thickness. This facies is described separately in the next section.

Carbonaceous Shale Lithofacies

A sequence of carbonaceous siliceous shale and minor chert 200 to 500 m thick (unit
muDpt of Abbott, 1983a) occurs at the top of the Lower Earn Group in the Jason area. Beds
of carbonaceous siliceous shale are composed of 80 to 80 per cent fine-grained quartz, 5 to 30
percent opaque carbonaceous matter and less than 10 percent fine-grained clays. Sparsely
preserved radiolaria suggest a biogenic origin for the silica. Towards the Jason fault, the
carbonaceous mudstone lithofacies interfingers with the sedimentary breccia lithofacies.

The sharp transition between the carbonaceous shale lithofacies and the underlying

turbidite channel complex indicates a rapid cessation of turbidite deposition. Stratiform

sulfides occur at the stratigraphic level of this transition zone adjacent to the Jason Fault
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(Fig. 2.7). Ages determined from conodonts collected within the carbonaceous siliceous shale
are Frasnian in age (M. Orchard, pers. comm. 1986). The carbonaceous shale lithofacies is

interpreted to represent organic- and silica-rich hemipelagic deposition.

The Jason fault is a steeply dipping, northwest trending structure that offsets strata on
the south limb of the Jason syncline (Figs. 2.4, 2.5, 2.6). The Jason fault juxtaposes Road
River Group strata and the overlying lower part of the Lower Earn Group on the south side
against siltstone, sedimentary breccia and stratiform sulfide deposits of the middle and upper
part of the Lower Earn Group on the north. Minimum stratigraphic offset across the fault is
between 80 and 250 m. Fifteen drill holes provide data on the nature of the fault over an area
of 400 m along dip and 300 m along strike. Structural reconstruction that involves unfolding
the host syncline indicates that the trend of the Jason fault during Devonian time was N 60
E. The Jason fault appears to have formed normal to the trend of the nearby major
southeast-trending structural zone of Devonian age, the Hess fault. The Jason fault cuts
strata at about 40 degrees; by comparison with the surface expression of most normal faults
(Wallace, 1978), this dip is strikingly shallow and may be due to compactional drape of the
lithifying sediments adjacent to the fault zone as noted at the Tynaugh lead-zinc deposit
(McM. Moore, 1975). In the paragraphs that follow, all references to the hangingwall (north
side) and footwall (south side) of the Jason fault apply to the orientation of the fault during

Devonian time.

STRATIGRAPHY OF THE SEDIMENTARY BRECCIA LITHOFACIES

Because of the special significance of the sedimentary breccia lithofacies with regard to
interpretation of the synsedimentary faulting and debris flows, and because of the spatial
coincidence of this unit and sulfide strata, special emphasis is placed here on describing the

rock types, their facies relations, and the morphology of breccia lobes.

At least 280 m of interbedded sedimentary breccia, thick-bedded conglomerate and
sandstone, thin-bedded siltstone turbidite and carbonaceous mudstone of the sedimentary

breccia lithofacies overlie the upper turbidite channel complex adjacent to the Jason fault
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(Figs. 2.5, 2.6, 2.7). Sedimentary breccias have been divided into two lithotypes termed
heterolithic breccia and homolithic breccia (Bailes et al.,, in press). Heterolithic breccia is

characterized by heterolithologic mixture of clasts and a high matrix to clast ratio.

Homolithic breccia is monolithologic and has a lower matrix to clast ratio.

Lithologies
Fine-Grained Sedimentary Rocks

The most common fine-grained sedimentary rocks interbedded with the sedimentary
breccia units in the South zone area and with sedimentary breccia in the upper part of the
sedimentary breccia lithofacies are thin siltstone beds, thin lenticular cross-laminated
sandstone beds and organic-rich mudstone laminae similar to the strata of the underlying
siltstone turbidite lithofacies (Fig. 2.8a). Thin siltstone beds vary in thickness from 1 to 3
c¢m, are ungraded, have sharp upper and basal contacts and are composed predominantly of
silt sized grains of chert, with minor ¢lay and quartz sand grains. Thin laminae at the base of
the siltstone beds are lenticular and cross laminated or normally graded with load cast bases.
The beds can be classified as T,_, or Ty_, beds (Bouma, 1962) or Ty, beds (Stow and
Shanmugan, 1980) and reflect suspension load deposition from muddy turbidity flows with
periods of tractional movement during deposition of the coarser fraction. Such siltstone beds
compose 60 to 90 percent of the stratigraphic section above the stratiform deposits.
Lenticular, cross-laminated beds of chert-quartz sandstone up to 10 cm thick compose up to
25 percent of the str#ta. These sandstone beds have sharp contacts suggesting deposition
from the tractional movement of sand turbidity flows. Minor normally graded chert-quartz
sandstone beds, 5 to 20 cm thick, also occur. Hemipelagic laminae and beds up to 2 cm thick

of organic-rich mudstone and chert are interbedded with the siltstone and sandstone.

Carbonaceous siliceous mudstone is the dominant lithology interbedded with
sedimentary breccia in the lower part of the sedimentary breccia lithofacies in the Main zone
area (Fig. 2.7), but also occurs throughout the sedimentary breccia lithofacies unit.

Carbonaceous siliceous mudstones are massive, have a high organic carbon content (3-10%)
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Figure 2.8a Thin-bedded siltstone beds cut by a disrupted zone of homolithic breccia.
Scale in centimeters.

i
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Figure 2.8b Heterolithic breccia containing fragments of sandbanded argillite, siltstone,
argillite and chert pebbles in a silty mudstone matrix. Scale is in centimeters.
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and a very high silica content (> 80 %). The ratio of carbonaceous mudstone to siltstone
increases to the north within the syncline. North of the syncline, the sedimentary breccia
lithofacies unit correlates with a thick carbonaceous mudstone sequence containing thin

sedimentary breccia units and lacking thin-bedded siltstone (Fig. 2.6).
Homolsthic Breceta

Homolithic breccia (Bailes et al, in press) is monomictic, clast supported, and contains
siltstone or mudstone intraclasts (Fig. 2.8a). Chert pebbles are not present. Individual
intraclasts range in diameter up to 1 or 2 meters, but average 0.1 to 0.3 meter in diameter,
and commonly comprise 60 to 95 percent of the breccia. The matrix of homolithic breccia is
silty mudstone or mudstone. In the Jason syncline, a continuum appears to exist between
homolithic breccia, contorted and faulted strata and undisturbed strata (Winn et al., 1981).
Stratigraphic correlations suggest that homolithic siltstone breccia correlate laterally over
distances of less than 50 to 100 m with undisturbed siltstone. Homolithic breccia units have
only been recognized in the sedimentary breccia lithofacies even though siltstone turbidite

comprises the bulk of the siltstone turbidite lithofacies.
Heterolithic Brececia

Heterolithic breccia units in the Jason area are poorly sorted, matrix to clast supported,
heterogeneous mixtures of mud, intraclasts, chert pebbles and sand (Figs. 2.8b,c,d,e). They
range from intraclast breccia to intraclast-rich pebbly mudébone and pebbly or sandy
mudstones (Fig. 2.9). Individual breccia units range up to 80 m in thickness (Fig. 2.6) and are
characterized by lateral changes in the range of clast size, clast compositions and clast to
matrix ratio. Heterolithic breccia units are intimately interbedded with medium- to thick-

bedded, massive to stratified chert pebble conglomerate and sandstone beds (Fig. 2.10).

Intraclasts in the heterolithic breccia are subangular to subrounded, and consist of thin-
bedded siltstone, carbonaceous mudstone and more rarely, chert pebble conglomerate,
sandstone and sulfide fragments. Intraclasts range up to several meters in diameter but

average 10 to 30 cm and constitute up to 60 percent of the heterogeneous breccia. The
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Figure 2.8d Core samples of heterolithic breccia bed and sandy conglomerate bed. Within the
heterolithic breccia bed is a clast of conglomerate cemented by pyrite and siderite (A); within the
sandy conglomerate bed is a coarse-grained siderite fragment (B) similar in mineralogy and tex-
ture to parts of the Jason fault. Scale in centimeters,
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Figure 2.8e Clast of wmassive galena-sphalerite and laminated pyrite-chert within a
sedimentary breccia. Scale in centimeters.

.
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Figure 2.9 Ternary classification diagram used for coarse-grained sediments in the Jason
syncline.
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of the lobe and perpendicular to the Jason Fault (upper), and transverse to the axis of the
breccia lobe and parallel to the trace of the Jason Fault {lower). The positions of drill
holes indicated at the top of each figure penetrate the section shown.
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composition of the intraclasts is identical to that of underlying Lower Earn Group bedded
siltstone, mudstone, conglomerate and sandstone. Conglomerate fragments are characterized
by a cement of quartz, siderite or ankerite and up to 10 percent pyrite (Fig. 2.8d). Sulfide
fragments occur in sedimentary breccia immediately overlying the stratiform mineralization
(Fig. 2.8e).

Chert pebbles to 3 e¢m in diameter commonly comprise 5 to 20 percent of the
heterolithic breccia in the Jason syncline. Chert pebbles typically display replacement rims or
disseminations of pyrite and more rarely minor sphalerite and galena. The total sulfide
content of chert pebbles is much greater than that of associated intraclasts within the same
sedimentary breccia. Chert pebbles are similar in character to chert pebbles within
conglomerate intraclasts, interbedded conglomerate and the upper channel complex (Winn et
al, 1981).

The matrix of heterogeneous breccia ranges from carbonaceous mudstone to silty or
sandy mudstone and it commonly makes up 30 to 50 percent of the breccia unit. The matrix

is typically less carbonaceous than interbedded carbonaceous mudstone.
Thick-Bedded Conglomerate and Sandstone

Studies of drill core at the Jason reveal a variety of chert-pebble-rich and sand-rich
beds. The terminology describing conglomeratic rocks is that of Walker (1975); other finer-
grained turbidites are described using the terminology of Bouma .(1962). Beds of disorganized
chert-pebble conglomerate up to 10 m in thickness, beds of organized sandy conglomerate and
pebbly sandstone up to 5 m thick (Fig. 2.8f), and massive beds of sandstone (T, ) 0.5 to 3 m
thick with faint parallel lamination are interbedded with beds of heterolithic breccia. All
three types of conglomerate and sandstone vary in mud content, and a continuum exists
between well-sorted conglomerate and sandstone to muddy conglomerate and sandstone to
pebbly or sandy mudstone (Fig. 2.9). Conglomerates also vary in intraclast content; siltstone
and mudstone intraclasts can compose up to 40 percent of a conglomerate and a continuum

exists between conglomerate, intraclast-rich conglomerate and intraclast-rich pebbly
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mudstone.

Lithologic Sub-Facies

The sedimentary breccia lithofacies can be divided into sub-facies based on distinctive
lithological associations that form correlatable stratigraphic units. These are the homolithic
sub-facies composed of siltstone turbidite and homolithic breccia, and the heterolithic sub-

facies composed of heterolithic breccia, conglomerate and sandstone.
Homolithic Sub-Facies

Though thin-bedded siltstone turbidite and carbonaceous mudstone occur in other
stratigraphic units, homolithic breccia has been recognized only in the sedimentary breccia
lithofacies. Laterally equivalent homolithic siltstone breccia and bedded siltstone occur
together as stratigraphic units 5 to 50 m thick and are referred to here as the homolithic
facies (Figs. 2.4, 2.5, 2.6). The homolithic facies are interbedded with units of heterolithic

breccia and conglomerate-sandstone units overlying the stratiform ores.
Heterolithic Sub-Facies

Stratigraphic intervals of interbedded heterolithic sedimentary breccia, conglomerate
and sandstone are referred to here as the heterolithic facies. The heterolithic sub-facies units
interbedded with the stratiform ores are named, in ascending stratigraphic order, the A, B
and C breccia units (Figs. 2.5 and 2.6). Isopachs of the A and B breccia units based on 50
drill hole intersections over an area 1200 m by 1200 m indicate that during the Devonian
period, northwest trending lobes of heterolithic facies were deposited adjacent to the Jason
fault (Fig. 2.11). Individual lobes exceed 800 m in length, vary from 200 to 600 m in width
and range up to 90 m in thickness. All but one of the breccia lobes thicken markedly to the

southeast in restored plan view. In the South zone area, lobes thicken up to the Jason fault.

Though considerable variation exists in the distribution of sedimentary breccia,
conglomerate, sandstone and siltstone within individual breccia lobes, a general facies pattern

does exist. Breccia lobes are wedge-shaped in longitudinal profile and show a thinning and
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Figure 2.11a Isopach of the thickness of the A sedimentary breccias in a restored plan
view at the stratigraphic level of the A sedimentary breccias. Strata on the north and
south limbs of the syncline have been unfolded about the southeast plunging fold axis.
The area to the southeast of the intersection of the Jason Fault and the stratigraphic
level of the A sedimentary breccia units was the scarp area of the Jason fault at the time
of deposition of the A sedimentary breccia.
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Figure 2.11b Isopach of the thickness of the B sedimentary breccias in a restored plan
view at the stratigraphic level of the B sedimentary breccias. Strata on the north and
south limbs of the syncline have been unfolded about the southeast plunging fold axis.
The area to the southeast of the intersection of the Jason Fault and the stratigraphic
level of the B sedimentary breccia units was the scarp area of the Jason fault at the time
of deposition of the B sedimentary breccia.
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Figure 2.11c Isopach of the thickness of the C sedimentary breccias in a restored plan
view at the stratigraphic level of the C sedimentary breccias. Strata on the north and
south limbs of the syncline have been unfolded about the southeast plunging fold axis.
The area to the southeast of the intersection of the Jason Fault and the stratigraphic
level of the C sedimentary breccia units was the scarp area of the Jason fault at the time
of deposition of the C sedimentary breccia.
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fining of units away from the Jason fault (Fig. 2.10). The thickest part of the lobe is
dominated by intraclast-rich pebbly mudstone. Close to the fault individual breccia beds are
amalgamated as a massive breccia deposit. Away from the fault sedimentary breccia units
become thinner, the entrained clasts become smaller and sedimentary breccia beds are
interbedded with mudstone or siltstone beds. Individual cycles 2 to 4 m thick of underlying
clast supported conglomerate overlain by intraclast-rich conglomerate or sedimentary breccia
are characteristic in the distal portions of the sedimentary breccia lobes. Transverse to the
axis of the lobe, sedimentary breccia beds thin and interfinger with mudstone or siltstone beds
(Fig. 2.10). Massive to bedded conglomerate, sandy conglomerate, intraclast rich conglomerate
and sandstone occur as lenticular, channel-like bodies trending parallel to the axis of the
breccia lobe, predominantly in the intermediate to distal parts of the breccia lobes.
Conglomerate lenses correlate laterally with carbonaceous mudstone beds in the proximal

parts of lobes but correlate laterally with thin-bedded siltstone in the distal parts of lobes.

The A2 breccia (Fig. 2.11a) is anomalous with respect to other sedimentary breccia
units. The trend of the A2 breccia is parallel to the Jason fault, and the breccia unit is
thinner and finer grained than the northwest trending breccia lobes. It is composed of a
central massive sandy conglomerate flanked by heterolithic breccia. The A2 breccia thickens
towards the southwest and thins towards the east where it broadens and passes into siltstone

beds.

Origin of Sedimentary Breccias

The following discussion of the origin of the sedimentary breccia lithofacies utilizes
theoretical models of mass flow transport developed in studies by Hampton (1972), Middleton
and Hampton (1976) and Lowe (1982). Subaqueous sliding or slumping from a scarp
commonly gives rise to debris flows via the entrainment of water which breaks up the
coherence of the sediment. Clasts within a debris flow are supported during transport by the
cohesive strength of the matrix, and to a lessor extent, by buoyancy, dispersive pressure and

turbulence. The mud-rich nature and poorly sorted character of the heterolithic breccia at
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turbulence. The mud-rich nature and poorly sorted character of the heterolithic breccia at
Jason suggest that they represent deposition by cohesive freezing from mud-rich debris flows
(cf., Lowe, 1982). Muddy conglomerate and muddy sandstone also may also reflect debris flow
transport (cf., Hampton, 1972). Beds with a basal conglomerate overlain by sedimentary
breccia occur in the distal parts of the sedimentary breccia lobes (Fig. 12). These reflect
deposition from a turbulent debris flow likely evolved from debris flows via incorporation of
water during flow. The lower conglomerate reflects suspension sedimentation of gravel from
the lower part of a turbulent mud flow followed by the cohesive freezing of the u;;per part of

the mud flow.

The massive, unstratified and clast-supported character of the conglomerate units
suggests that the conglomerate and intraclast-rich conglomerate represent deposition by
frictional freezing from a traction carpet at the base of high density gravel-rich turbidity
currents or grain flows (Lowe, 1982). The conclusion that sandy conglomerate were deposited
by frictional freezing of lower density sandy turbidity flows is based on the presence of
horizontal stratification and grading in the beds. Graded sandstone beds likely represent
deposition from the residual downslope ends of these high density turbidity flows; this strong
lateral separation of sand and gravel reflects the differing transport processes of pebbles (i. e.

dispersive pressure) versus sand (i. e. flow turbulence).

The thickening and coarsening of individual heterolithic facies lobes towards the Jason
fault indicates that the Jason fault scarp was the source of the sedimentary breccia. Siltstone
and mudstone intraclasts, chert pebbles and chert and quartz sand that make up the
heterogeneous facies appear to be derived from the turbidite channel sequence of the Lower
Earn Group that was uplifted along the Jason fault. That cohesive but unlithified mud and
silt beds were eroded from thé fault scarp is supported by the presence of deformation of the
margins of intraclasts (Winn et al., 1981). Gravels exposed on the fault scarp were largely
uncemented yielding a high ratio of chert pebbles to conglomerate clasts. The anomalous A2

breccia (Fig. 2.11a) is interpreted to be the distal end of a breccia lobe sourced from the Jason
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Figure 2.12 Structural cross-section (looking northwest) of stratiform and discordant ores
adjacent to the Jason Fault in the South Zone area.



~64~

fault along strike to the west because of its lessor thickness, predominance of sandstone and

conglomerate versus sedimentary breccia and trend parallel to the Jason fault scarp.

Each heterolithic facies lobe represents the amalgamation of mixed sediment derived
from 2 heterogeneous scarp area of bedded silts, muds, gravels and sands. Slumped interbeds
of mixed silts, muds and gravels evolved to debris flows. The slumping of massive gravel beds
created high density turbidity flows or grain flows. The predominance of conglomerate and
sandstone in the more distal parts of individual sedimentary lobes suggests that turbidity
flows travelled further from the scarp than debris flows. Collectively, the heterolithic facies
lobes can be described as a debris apron or fault scarp apron using the terminology of

Pickering (1982).

In contrast, homolithic breccia units, with their lack of mixed clasts, low percentage of
matrix and continuity with undeformed adjacent sediments represent short travelled slides
frozen prior to or during transformation to a debris flow (Winn et al., 1981). They also may
reflect tn aifu thixotropic disruption of sedimentary beds by seismic activity or elevated fluid
pressures. It is likely that homolithic breccias represent partial slumping or tn sifu disruption
of silts and muds deposited below the fault scarp rather than resedimentation of sediments
uplifted on the fault scarp. The interfingering of thin-bedded siltstone with carbonaceous
shale away from the Jason fault suggests the siltstone turbidites also are derived from the
Jason fault and reflect dilute muddy silt turbidity flows whose. sources were minor slumps

along the Jason fault.

JASON HYDROTHERMAL SYSTEM

Associated with sedimentary breccias along the Jason fault are large deposits of
stratiform Pb-Zn-Ba minerals; these are associated with hydrothermal veins of the Jason fault
(Fig. 2.12) which indicates that the fault was a flow path for the hydrothermal fluids that
formed the stratiform bodies. Based on texture and distribution, the hydrothermal deposit is
divided into: (1) veins and disseminations associated with the Jason fault; (2) breccias in the

immediate hangingwall of the Jason fault; (3) massive and laminated stratiform ores; (4)
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sulfide cemented conglomerates adjacent to the Jason fault;

Previous workers (Winn et al, 1981; Gordey et al., 1982; Gardner, 1985) interpret the
stratigraphic position of the South zone stratiform horizon to lie below that of the Main zone.
However, this study indicates that both the South and Main zone stratiform horizons occur at
the base of the sedimentary breccia lithofacies above the upper turbidite channel sequence
(Fig. 2.5, 2.6, 2.7). Individual heterolithic breccia units, A and B, interbedded with the
stratiform ores can be correlated from the South to the Main zone. The occurrence of Road
River strata immediately below parts of the South zone deposit is a result of structural
juxtaposition by the Jason fault; it does not indicate that the South zone ores occurs in the
lower part of the Lower Earn Group as suggested by Gardner (1985). In addition, the
systematic changes of mineralogy and metal ratios as well as variations in thickness of the
stratiform ores imply that the South and Main zones are parts of a single zoned stratiform

body with a paleovent zone in the South zone area (Figs. 2.13, 2.14).

Jason Fault

The Jason fault is a single or bifurcating zone of pebble breccia to pebbly mudstone up
to 3 m in thickness (Figs. 2.5, 2.6, 2.12) that has been intercepted over a dip distance of 400
m. It forms the footwall to mineralization; no stratiform sulfide or barite occur in its
footwall. Rounded to subangular clasts of siderite +/- chalcopyrite, pyrrhotite, sphalerite,
galena veins, mudstone clasts veined by siderite-sulfide, and xﬁudstcne and siltstone clasts
occur in a matrix of clay and variable amounts of fine-grained quartz, siderite and barian
muscovite (Figs. 2.15a,b,c). The deepest part of the fault intersected has a very siliceous
matrix with disseminated pyrite, pyrrhotite, sphalerite and galena (Fig. 2.15¢). At shallower
levels, the argillaceous matrix of the Jason fault is variably altered and mineralized to fine-
grained barian muscovite and massive fine-grained siderite; some siderite veins have a tube-
like shape with narrow selvages of muscovite (Fig. 2.15d). In the uppermost levels of the
fault, the matrix is unaltered mudstone. Disseminated fine-grained pyrite is common

throughout the Jason fault, and exceeds 3 to 5 percent in the uppermost part of the fault.
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Figure 2.13 Restored plan view at the stratigraphic level of the upper stratiform horizon
illustrating the distribution of textural facies within the upper stratiform horizons. Strata
on the north and south limbs of the syncline have been unfolded about the southeast
plunging fold axis. The area to the southeast of the intersection of the Jason Fault and
the stratigraphic level of the upper stratiform horizon reflects the fault scarp area at the
time of upper stratiform horizon deposition.
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Figure 2.14 Restored plan view at the stratigraphic level of the upper stratiform horizon
illustrating contours of lead/lead + zinc ratio within the the upper stratiform horizon.
The extent of stratiform ore in excess of 10 m thick is indicated. Strata on the north and
south limbs of the syncline have been unfolded about the southeast plunging fold axis.
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Figure 2.15a Jason fault. Angular to rounded clasts of argillite with siderite veins in an
argillaceous mud matrix. Scale is in centimeters.

Figure 2.15b Jason fault. Irregular clasts of coarse-grained siderite (white), fine-grained
massive quartz-siderite-pyrite (grey) and silicified argillite (dark grey) in siliciifed
argillaceous matrix cut by a late sphalerite-quartz vein. Deep portion of Jason fault,

DDH 87.
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Figure 2.15¢ Jason fault. Breccia clast within sericititized fault matrix. Silicified
argillite fragments in a siderite matrix comprise the breccia clast. Scale is in centimeters.

Figure 2.15d Jason fault. Tube-shaped vein with dark selvage of barian muscovite cuts
muscovite-quartz-rich clastic fault matrix.
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Sphalerite and galena occur as fine-grained disseminations throughout and locally as coarse-
grained pods. Clasts of siderite-rich fault mineralization occurs within heterolithic breccia

overlying the stratiform mineralization (Fig. 2.8d).

At depth, the Jason fault is a sharp-walled zone of milled rock adjacent to silicified rock
in both the hangingwall and footwall. At the shallowest levels drilled, the fault is a narrow
zone of pebble Breccia bracketed by a broad, 10 m wide zone of unaltered and ductilely
strained siltstone and sandstone (Fig. 2.16a). Both of these textural styles of the Jason fault
are distinct from the foliated graphitic and chloritic gouge typical of other faults in the Jason

area.

Irregular and discontinuous veins (Fig. 2.16b) and breccia veins (Fig. 2.16¢) of siderite-
ankerite-muscovite-chalcopyrite-pyrite compose 1 to 3 percent of the footwall strata adjacent
to the Jason fault. These footwall veins lack alteration selvages and are similar to, but more
chalcopyrite-rich, than fragmented veins within the Jason fault. Minor siderite veins occur
within the ductilely deformed hangingwall strata adjacent to the upper part of the fault.
These veins are pyrite-rich; veins that cut bedding at high angles show both compactional

folding (Fig. 2.16d) and normal offset of strata across the vein.

There is widespread silicification of sedimentary strata adjacent to the Jason fault.
Silicification occurs within footwall mudstone and siltstone adjacent to the Jason fault, within
the fault matrix at deep to intermediate depths, and in the deepest levels of the hangingwall
adjacent to the breccia body. A single silicification front within siltstone was noted in core
(Fig. 2.17a). This silicification front is sharp and at high angles to bedding and siltstone beds
display greater compaction beyond the silicified zone than within in it.

The character of the rocks in the footwall of the shallow parts of the fault contrast with
that of the hangingwall rocks. The footwall is characterized by silicified and nonsilicified
siltstone, the absence of ductile strain and an abundance of siderite veins. The hangingwall is
silicified only adjacent to the breccia body, evidence of ductile strain is abundant and veins

are minor.
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Figure 2.16a Sheared sandstone adjacent to the upper part of the Jason Fault. The
ductile style of boudinage in these sub-greenschist rocks suggests deformation must have
predated the lithification of the sediments. Scale in centimeters.

Figure 2.16b Crackle breccia with siderite-pyrite matrix in silicified argillite; footwall of
the Jason fault. Scale is in centimeters.
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Figure 2.16¢c Breccia vein of ankerite-quartz-galena in silicified argillite; footwall of the
Jason fault. Scale is in centimeters,

R e PR T 14

Figure 2.16d Folded siderite-pyrite vein cuts thin-bedded siltstone in the hangingwall of
the upper portion of the Jason fault. Some post-lithification styolitic dissolution adjacent
to the fold hinges of the vein has exaggerated the fold amplitudes.
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Figure 2.17a Thining of siltstone beds across silicification front indicates that the timing
of silicification predated full compaction of the siltstone. The silicification is spatially
associated with the extent of siderite veinlets. Scale is in centimeters.

Figure 2.17b Angular fragments of silicified siltstone in a matrix of siderite, ankerite,
quartz, pyrrhotite and barian muscovite within the breccia body. Scale is in centimeters.
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Breccia Body

A steeply dipping, 300 m long podlike body of brecciated rock, trending subparallel to
the Jasoﬁ fault (Figs. 2.6, 2.13) cuts across the thin-bedded siltstone turbidite unit, merges
with the Jason fault at depth, and extends up to the base of the A heteroli'thic breccia unit.
This breccia body is characterized by angular fragments of silicified siltstone turbidite up to
10 em in diameter in a matrix of pyrite, pyrrhotite, ankerite, siderite and lessor quartz,
sphalerite, chalcopyrite and barian muscovite (Fig. 2.17b). The angular nature of fragments
within the breccia body and the high fragment to matrix ratio suggests that there was little
vertical movement and milling of fragments. Discrete faults can be recognized within zones
of brecciated rock and the breccia body may be an amalgamation of several fault breccia

zones.

Veins occur immediately adjacent to the breccia body. Where the A heterolithic breccia
unit overlies the breccia body, it is cut by pyrrhotite veinlets with patchy and irregular
selvages of disseminated siderite and/or pyrite. These veinlets are likely time equivalent to

similar pyrrhotite-rich veinlets within the overlying stratiform mineralization (see below).

Sulfide Cemented Conglomerate

Thg uppermost conglomerate beds of the upper channel complex are completely
cemented by pyrite for distances up to 100 m from the Jason fault (Fig. 2.12). Regionally,
quartz is the dominant cement in the conglomerate. Thin cohglomerate beds interbedded
with the A breccia unit adjacent to the Jason fault are cemented by galena, pyrite and

ankerite.

Stratiform Ore Horizons

Two stacked stratiform bodies, referred to as the upper horizon and the lower horizon
occur adjacent to the Jason fault. The lower horizon is a tabular-shaped body 300 m by 400
m and up to 40 m thick (Fig. 2.5, 2.6) lying within the uppermost part of the siltstone

turbidite lithofacies above the upper channel complex. Thirty percent of the stratigraphic
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interval of the lower horizon is*comprised of thin siltstone turbidites 1 to 2 cm thick (Fig.
2.17c). The upper horizon is thinner but more extensive body that is continuous for over 1200
m from thé Jason fault to where it is truncated by the present erosional surface in the Main
zone area (Figs. 2.5, 2.6). The upper horizon is separated from the lower horizon by the A
breccia unit and is interbedded with minor beds of siliceous mudstone and sedimentary
brecccia of the basal sedimentary breccia lithofacies; it is directly overlain by the B

sedimentary breccia unit.

Textures, mineralogy and metal ratios within both stratiform horizons are zoned with
respect to the Jason fault. The proximal (used here with reference to distance from the Jason
fault) part of the stratiform bodies is composed of beds of massive pyrite and massive to
banded siderite-ankerite-galena (Fig. 2.17d). In the upper horizon, these proximal beds are
interbedded with beds of massive galena-pyrite and banded galena-sphalerite and are cut by
an abundance of irregular veinlets and nodules of iron carbonate (Fig. 2.17d), and veinlets of
iron carbonate-muscovite, pyrrhotite +/- sphalerite, +/- galena, + /- chalcopyrite + /- pyrite;
and ankerite-quartz-galena (Fig. 2.18c). Away from the Jason fault, ore is characterized by
laminated barite-quartz-sphalerite-galena-pyrite interbedded with siliceous terrigenous
interbeds (Fig. 2.18a). This laminated mineralization is comprised of fine-grained (0.005 to
0.04 mm), anhedral minerals within finely bedded laminae 0.01 to 5 mm thick. Laminae are
characterized by sharp boundaries and an absence of terrigenous component. Laminae
dominantly composed of one mineral (e.g. barite, sphalerite, galena or quartz) and
polymiheralic laminae (e.g. quartz-sphalerite, sphalerite-galena) occur. No sequential
paragenesis exists among laminated minerals suggesting the synchronous deposition of barite,
sphalerite, galena and quartz. Laminae are in sharp contact with the interbeds of siltstone
and mudstone. Coarse-grained, euhedral, disseminated pyrite, barian feldspars, barian

carbonates and iron carbonates are present in the laminated ores.

The upper horizon adjacent to the Jason fault has a narrow, northeast trending trough-

like shape (Fig. 2.14); further away from the fault it is more extensive laterally. Lead to zinc



Figure 2.17c¢ Laminae of barite, sphalerite, quartz interbedded with silicified siltstone
beds in the distal laminated body. Thin quartz-filled tension gashes with siliceous
siltstone beds are related to Mesozoic deformation. Scale is in centimeters.
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Figure 2.17d Irregular ankerite veins crosscut massive ankerite-galena within massive-
banded facies, upper stratiform horizon. Scale is in centimenters.
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Figure 2.18¢ Ankerite-galena-quartz vein parallel to bedding within the banded zone.
Cockscomb ankerite crystals grow inwards from the walls of the vein and galena-quartz
compose the vein center. Siderite band with disseminated pyrrhotite interbanded with

silicified and sericitized (barian muscovite) argillaceous siltstone beds. Scale is in
centimeters. .

Figure 2.18d Banded massive sulphide at the top of the upper stratiform horizon overlain
unconformably by sedimentary breccia. Massive sphalerite-ankerite bands are truncated
by the erosional surface. Scale is in centimeters. Grains of sphalerite (SL), ankerite
(ANK) and pyrite (PY) are indicated.
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ratios in the upper horizon decrease away from the Jason fault. The maximum Pb/Pb+Zn
values occur as a node adjacent to the Jason fault and coincide with the area of abundant
epigenetic veinlets that is underlain by the breccia body (Fig. 2.14). An elongate zone of
higher Pb/Pb+Zn values trends normal to the fault trend away from the maxima and
coincides with the elongate zone of thickening of the upper horizon. Pb/Pb+2Zn values also

decrease away from the Jason fault within the lower horizon.

The breccia body cuts the proximal part of the lower horizon. Adjacent to the breccia
body, pyrite beds and siderite beds are generally concordant but locally replace siltstone
interbeds (Fig. 2.18b). Interbedded mudstone beds are altered to massive fine-grained
muscovite. Within the siderite beds a consistent paragenesis exists; siderite grains are
replaced by fine-grained disseminations of pyrrhotite along cleavage planes or by irregular
pyrrhotite veinlets that cut the siderite bands. The siderite layers and pyrrhotite veinlets are
cut by ankerite-galena veinlets with cockscomb-textured ankerite crystals growing from the

veinlet walls (Fig. 2.18¢). The ankerite-galena veinlets are parallel to bedding.

The uppermost part of the upper horizon locally contains rounded chert clasts within
massive beds of sphalerite, quartz, galena and ankerite. Similar chert pebbles occur within
massive pyrite beds within the lower horizon. Bedded sulfide beds at the top of the upper
stratiform horizon are locally truncated by the overlying B heterolithic breccia unit (Fig.
2.18d); the basal part of the B breccia unit contains clasts of banded galena-sphalerite (Fig.

2.8e), similar in character to rocks of the proximal part of the upper horizon.

DISCUSSION

Temporal Link Between Fault Movement, Sedimentation and Hydrothermal
Activity

The spatial relationships of the stratiform mineralization, breccia body and heterolithic
sedimentary breccia lobes have been described above; the establishment of the temporal

relationships between these features is critical for a model of sedimentation and hydrothermal
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activity controlled by a submarine synsedimentary fault.
Age of the Jason Fault Relative to Sedimentation

The interpretation that the heterolithic breccias were derived from the submarine scarp
of the Jason fault is based on the thinning and fining of heterolithic sedimentary breccia lobes
away from the Jason fault (Figs. 2.10, 2.11). This interpretation is supported by the
composition of clasts within the heterolithic breccia which are similar to the upper turbidite
channel complex that was uplifted along the Jason fault. The occurrence of clasts similar in
composition and texture to the mineralized portions of the Jason fault within these
heterolithic breccia lobes indicates erosion of the fault during sedimentation of the

sedimentary breccia.

Faults in the Jason area are characterized by poorly consolidated zones of graphitic or
chloritic gouge. These faults are both axial and perpendicular to the Jason syncline and offset
the folded strata. For these reasons they are interpreted to be of Mesozoic or younger age.
The Jason fault is unlike these faults because of its indurated nature and massive, non-foliate
matrix. It is offset by these younger faults (Fig. 2.4) and appears to pre-date Mesozoic

deformation.

At depth, the Jason fault is sharp-walled; upwards it broadens into a broad zone of
ductile strain with veins that show post-depositional compaction folding. This ductile strain
zone is not associated with other local faults; as the rocks are of low metamorphic grade
(sub-greenschist) the ductile style of deformation of the rock suggests it deformed prior to
lithification. The more brittle deformational style of the footwall block with respect to the
hangingwall block and the change in deformational style with depth within the observed part
of the fault is compatible with the the juxtaposition of sediments in different states of
lithification by a fault cutting a sedimentary sequence undergoing compaction and
lithification. Therefore, both the character of the sedimentary breccia lobes and that of the
fault point to the active movement on the Jason fault during the deposition of the Lower

Earn Group sediments. Furthermore, the lack of gouge, slickensides or fault polish that cuts
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the massive clastic texture within the Jason fault argues that the Jason fault has not been
reactivated since the Devonian and hence the 80 to 200 m of apparent normal displacement

occurred during the time of Lower Earn Group deposition.
Age of Stratiform Mineralization Relative to Sedimentation

Stratiform Pb-Zn ores hosted by marine clastic strata are widely interpreted to be a
product of sulfide deposition from metal-rich hydrothermal fluids that discharged onto the
seafloor (Large, 1981) or infiltrated into shallowly buried unlithified sediments (Williams,
1979a,b). The occurrence of sulfide clasts within heterolithic sedimentary breccia immediately
overlying the upper horizon, and the truncation of banded-massive sulfide beds at the top of
the upper horizon by overlying sedimentary breccia indicates that stratiform mineralization
was resedimented on the seafloor via incorporation within slumps from the fault scarp. The
absence of any terrigenous component within sulfide-barite laminae or beds (except in the
massive-banded ores of the lower horizon discussed below), the sharp contact between mineral
laminae or beds and interbedded terrigenous sediment, and the absence of significant barite,
galena and sphalerite within the interbedded terrigenous sediments is compatible with the
formation of the bands and laminae as sediments on the seafloor. The textural evidence of
local replacement of siltstone beds by siderite and pyrite beds in the lower horizon near the
breccia body is interpreted to reflect the lateral infiltration of hydrothermal fluids from the
breccia body following the formation of the lower horizon. The sericitization of interbedded

siltstones and the pyrrhotite and ankerite-galena veinlets may be related to this later event.
Age of Breccia Body Relative to Faulting and Stratiform Mineralization

Several lines of evidence can be used to constrain the age of the breccia body relative to
faulting and stratiform mineralization. The breccia body is spatially associated with the
Jason fault and merges with it at depth; the breccia is located at a change in strike of the
fault which could have been a dilatant zone. Both of these cbservations are compatible with
the hypothesis that hydrothermal fluids rose along and were focussed by the Jason fault.

Above the breccia body are irregular veins and nodules of sulfide, carbonate and other
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minerals that are interpreted to have formed within unlithified carbonate-rich muds.
Furthermore, the stratiform ores display an abrupt increase in thickness in the area overlying
the breccia body, suggesting movement on faults in the breccia coincided with deposition of

the stratiform ores.
Age of Veins Relative to Faulting and Sedimentaiion

The occurrence of veins within sedimentary clasts within heterolithic breccia units and
the compactional folding of veins is evidence for vein formation within the shallow sediments.
Given the synsedimentary Devonian age of movement on the Jason fault and a lack of
younger reactivation, brecciated and milled veins within the Jason fault must be of Devonian
age.

The timing of siderite-ankerite-muscovite-chalcopyrite veins in the footwall of the Jason
féult is more equivocal. However, the close spatial association of these veins with the Jason
fault and the common occurrence of brecciated fragments of wallrock within the veins argues
that they formed during the movement on the Jason fault. The compositional similarity of
these veins in to the matrix of the breccia body (siderite-ankerite-muscovite-sulfide) suggests
both formed during the same hydrothermal event. Because they have been uplifted on the
Jason fault, the footwall veins represent the deepest epigenetic mineralization associated with
the Devonian hydrothermal event. The copper-rich character of the veins is compatible with

a high temperature of formation relative to Pb-Zn mineralization (Lydon, 1983).

Age of Infiltration Relative to the Formation of the Breccia Body and Stratiform

Mineralization

The widespread cementing of conglomerate and sandstone beds by pyrite, galena,
ankerite and galena suggest hydrothermal fluids moved laterally froxﬁ the fault and breccia
body through these permeable horizons. Furthermore, compactional drape of siltstone beds
across a silicification front suggests that infiltration and mineralization occurred during
compaction. The widespread occurrence of barian muscovite with veins and breccia matrix

suggests that sericitic alteration of siltstones adjacent to the breccia body also is related to
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such infiltration.

Age of Hydrothermal Activity Relatsve to Fault Movement

Assuming an exhalative mode of formation, stratigraphic evidence argues that the
deposition of stratiform mineralization coincides with the earliest part of an accelerated
period of movement on the Jason fault. The upper turbidite channel complex thins and fines
abruptly near the Jason fault suggesting that the fault did influence deposition of the unit.
Southeast trending paleocurrent indicators in strata at the top of the upper turbidite channel
complex (Teal and Teal, 1978) are at high angle to the restored east-northeast trace of the
Jason fault during the Devonian. Debris flows are absent in strata stratigraphically below the
level of the stratiform mineralization (Fig. 2.7). Minor, thin (<1 m thick) sedimentary
breccias occur at the stratigraphic level of the lower horizon and thick sedimentary breccias
underlie and overlie the upper horizon. Therefore it is probable that minor movement
occurred synchronously with the development of the upper turbidite channel complex and
that accelerated movement started synchronously with the deposition of the lower horizon

and continued during and after the deposition of the upper horizon.

This coincidence of fault movement with hydrothermal activity suggests that seismic
pumping may have aided hydrothermal discharge during fault activity. Sibson et al. (1975)
argue that fracture dilation during the strain build-up prior to movement on a fault and
subsequent release during fault slip creates pressure gradients that first cause fluids to
accumulate adjacent to the fault at depth prior to failure and after failure forces fluids up the
fault. This model for fluid flow is supported by observed surface discharge of hydrothermal
waters from the surface traces of fault zones following shallow earthquakes (Briggs and
Troxell, 1955; Yoshioka et al.,, 1970). The very hot, saline character of the hydrothermal
fluids that formed the Jason deposit (Gardner, 1985) is compatible with derivation from

heated basinal fluids that were tapped by the Jason fault.
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Sedimentological Environment of Deposition of Stratiform Ores

The upper horizon near the Jason fault is an elongate, northwest-trending lobe (with
respect to restored Devonian orientation). This orientation is parallel to the orientation of the
underlying Al breccia lobe which near the fault exceeds 20 m in thickness. Coincident with
the thinning of the underlying heterolithic breccia lobes away from the Jason fault, the upper
horizon becomes more laterally extensive. Near the Jason fault thickening of the upper
horizon coincides with the thinning of the underlying A heterolithic breccia unit (Fig. 2.13);
abrupt lateral changes in thickness of the stratiform bodies occur in the vicinity of the Jason
fault. Thus, hydrothermal deposition near the Jason fault appears to have occurred in
bathymetric lows between sedimentary breccia lobes. Coincident with the decrease in the
bathymetric relief of the lobes away from the fault, the upper stratiform horizon becomes
more sheet-like and extensive consistent with deposition from a bottom hugging, dense fluid

(Sato, 1972).

The localization of heterolithic breccia near the Jason fault of thick stratiform ores
immediately adjacent to the active fault, particularly the lower horizon, argues for the
existence of a large-scale depression adjacent to the Jason fault. Such topographic lows are

commonly noted immediately adjacent to active normal faults (Wallace, 1978).

The area of abundant veinlets within the upper horizon adjacent to the Jason fault is
interpreted to represent the area of hydrothermal fluid venting. Fluid inclusion data for
quartz, siderite and ankerite veinlets indicate that fluid temperatures in the immediate
subsurface averaged 250° C' (Gardner, 1985). The veinlets cut massive to banded stratiform
ore. The massive nature of this ore is suggestive of rapid sedimentation, and their high lead
to zinc ratios is similar to the massive ores of other stratiform lead-zinc deposits that are
thought to have been deposited in vent areas (Campbell and Ethier, 1984; Carne, 1979;

Taylor and Andrew, 1978).

The thin siltstone turbidite beds interbedded with the lower horizon suggest a higher

rate of terrigenous sedimentation than during the deposition of the upper horizon. The lower
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horizon is not interbedded with sedimentary breccia deposits and interestingly appears to lack
an elongate trough-like form. It has an oval shaped plan view that likely reflects
hydrothermal sedimentation within a shallow depression created by fault related subsidence
on a featureless ocean floor covered by thin-bedded turbidite deposits. This stratigraphic
evidence suggests the fault scarp was only weakly active during the deposition of the lower

horizon.

Hydrothermal Infiltration of Sediments

The occurrence near the Jason fault and breccia body of local veinlets and irregular
masses of siderite and pyrite along the margins of beds of similar composition, of silicified and
sericitic siltstones and mudstone, and conglomerate beds cemented by pyrite, ankerite and
galena indicates that significant infiltration of the shallow sediments by hydrothermal fluids

occurred.

Relationships between different paragenetic stages of the epigenetic mineralization yield
insights about the physical processes of formation. A progressive induration of the siltstone
turbidites during successive infiltrational events is suggested by the textural evolution of
successive paragenetic stages (Fig. 2.18¢). Silicification is the most widespread alteration, is
cut by all other mineralization events, and is interpreted to be the earliest alteration event.
Siderite is confined to irregular pods and disseminated grains in the silicified siltstone.
Pyrrhotite occurs as pods, irregular veinlets and disseminations ‘cutting siderite and silicified
siltstone. Planar bedding-parallel veins of ankerite-galena cut all other assemblages. This
textural progression of alteration style with time from pervasive to disseminated or pod-like
to irregular veinlet to planar veinlet suggests that during the sequential alteration of the
originally permeable sediment, the flow path of hydrothermal fluids changed from pervasive

to specific permeable beds to non-brittle fractures to brittle fractures.

Silicification is the most widely developed type of alteration. The solubility of quartz
and amorphous silica is strongly temperature dependent and silicification of shallow level rock

is common in modern geothermal systems (White, 1981) as well as ancient submarine massive
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sulfide deposits (Henley and Thornley, 1979). Silica precipitation below the seabottom in the
Jason system likely occurred where hydrothermal fluids mixed with cooler connate waters,
The distribution of hydrothermal quartz adjacent to the Jason fault suggests this mixing
occurred in the lower part of the Jason fault, in the breccia body and within the sediments
during infiltration. Such early silicification likely created an impermeable cap on the
hydrothermal system; the breccia body may reflect rupture of this indurated cap by

subsequent fault movement.

The cause of infiltration may have been fluid overpressures adjacent to the Jason fault.
The presence of fluid overpressures at very shallow levels below the Devonian seafloor is
suggested by the presence of bedding parallel veins in the massive-banded zone of the lower
horizon adjacent to the breccia body. Similar ’jack-up’ veins at the Silvermines stratiform
deposit have been used to suggest that hydrostatic fluid pressures exceeded lithostatic
pressure during the formation of the stratiform mineralization (M. Russell, pers. comm. 1983).
Such fluid overpressures must have coincided with periods when the exhalative discharge of
hydrothermal fluids was plugged, possibly due to self sealing of the hydrothermal discharge as
described by Henley and Thornley (1979) or due to the physical capping of the hydrothermal
system by the rapid sedimentation of the thick B sedimentary breccia overlying the stratiform
mineralization. If the later was the case, the timing of the infiltration that formed the
massive-banded zone of the lower horizon would slightly postdate the formation of the upper

horizon.

The area of the breccia zone and veined stratiform mineralization coincides with the
area of active slumping during A, B and C breccia times (Fig. 2.10). This suggests the
possibility that rising hydrothermél fluids may have destabilized the fault scarp sediments
and caused mass flow. The abundance of sulfide mineralization of chert clasts and the
presence of gravels cemented by hydrothermal siderite, ankerite and quartz within the
sedimentary breccia indicate tﬁat the gravel beds adjacent to the Jason fault were very

permeable to hydrothermal fluids. As well, the distribution of altered sediment adjacent to
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the breccia body suggests hydrothermal fluids flowed laterally through adjacent silts for
distances up to 100 m. The infiltration of permeable beds adjacent to the Jason fault by
hydrothermal fluids may have increased the sediment pore pressure and decreased the
stability of the unlithified sediments. Alternatively, it is possible that the fluid discharge
coincided with the zone of maximum throw on the fault; this area would likely be the most
unstable part of the scarp. A modern analogue can be found in the Matsushiro fault zone,
where subaerial landslides were triggered by fluid discharge during a period of microseismicity

in 1966 (Morimoto et al., 1967; Yoshioka et al., 1970).

Tectonic Setting of the Jason Fault

Movement on the Jason fault coincides with regionally extensive normal faulting that
disrupted the outer continental margin of northwestern North America during the Middle
Devonian to early Mississippian. The depositional and tectonic setting of the Lower Earn
Group strata suggests ané.logy to the Late Cenozoic to Recent borderland basins of Southern
California which represent a submarine component of the broad San Andreas wrench tectonic
regime (Blake et al.,, 1978). There, a broad array of faults have resulted in a seabottom of
ridges and basins undergoing very rapid vertical strain. Narrow debris aprons occur along the
fault bound margins of the basins (Nardin et al., 1979); baritic sinters formed by the venting

of hydrothermal fluids have been discovered along such faults (Lonsdale, 1979).

Euxinic conditions during deposition of the Lower Earn Group strata likely reflect the
superposed effects of the general anoxic nature of the Lower Paleozoic oceans (Berry and
Wilde, 1978), upwelling along the margin of northwestern North America (Parrish, 1982,
1983), and basinal restriction due to the ridge and basin bathymetry associated with faulting

(Goodfellow, 1985).

A linear east to southeast trending belt of coarse-grained chert-rich detritus was
deposited in the Macmillan Pass area during Lower Earn Group time. The southeast trend of
isopachs of the lower and upper channel complexes (Hubecheck, 1981), the occurrence of

southeasterly oriented solemarks in sandstone beds overlying the upper channel complex (Teal
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and Teal, 1978) and the depositional pinchout of the channel complexes to the southeast
(Teal and Teal, 1978; Abbott, 1982) argues for a westerly source of the chert-rich detritus
(Winn et al., 1981). Devonian age erosion of basinal Road River cherts and Proterozoic strata
has been documented 120 km to the west of the Macmillan Pass (S. Gordey, pers. comm.
1984). Channelized turbidite systems of similar regional magnitude have been described
elsewhere (Winn and Dott, 1979; Hein and Walker, 1982). The unconformable deposition of
the turbidite channel complexes on the Road River Group suggests transport within a
submarine canyon setting (Winn et al., 1981) or fault-bound graben where submarine erosion
of strata accompanied channelized deposition (see Clifton, 1981). The thinning and fining of
the upper channel complex towards the Jason fault suggest that the fault was at least weakly
active during deposition of these channelized turbidites. Thinner bedded siltstone and
sandstone strata likely reflect deposition on levees and overbank areas lateral to the channel

area.

Accelerated movement on the Jason fault coincided with the shut off of the coarse-
grained turbidites that were transported from the west along the tectonic grain of the strike-
slip faults. This coincidence indicates that the cut off of this sediment supply was related to
faulting to the west that was synchronous with activity on the Jason fault; such faulting may
have disrupted the sediment transport path of the submarine canyon or caused subsidence of
the source area. Subsequent sedimentation in the Macmillan Pass area is distinctive for the
absence of terrigenous material and was dominated by the deposition of silicecus and organic
rich hemipelagic muds. The high silica content of the carbonaceous mudstone suggests
elevated concentrations of silica in the bottom waters; such conditions have been inferred to
develop in stratified water masses due to continued input of biogenic silica from overlying
waters and the lack of recycling of this silica to shallower waters via upwelling ‘(Fisher and

Arthur, 1977, pg. 42).

The Jason fault is one of a set of northeast trending normal faults within a pull-apart

basin bound by northwest trending Devonian age strike-slip (?) faults. Devonian age strike-slip
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movement is suggested by a map-scale north-trending fold and an axial plane cleavage
present in the Lower Earn Group that is absent in younger strata (McClay, 1983; pers. comm.
by K. McClay to G. Abbott cited in Abbott, 1985). Synchronous extensional faulting and
compression is suggestive of a transtensional-transpressive tectonic regime (Aydin and Page,
1984) rather than a purely extensional setting. Eisbacher (1983) has proposed that left-lateral
strike-slip faultin‘g occurred during Late Devonian to Early Mississippian time along the
continental margin of North America. Strike-slip movement on the northwest trending fault

set may have resulted in a local zone of dilation expressed by the northeast trending fault set.

Submarine geothermal activity and minor volcanism was focused at the intersections of
the northeast and northwest trending faults within the pull-apart basin. The general
association of brine pools with the intersection of transform faults and spreading axes in the
Red Sea was noted by Bignell (1975). The Jason and Tom stratiform Pb-Zn deposits reflect
the submarine discharge of hydrothermal fluids at temperatures near 250 C (Gardner, 1983;
Ansdell, 1985). The saline nature of these fluids (9-10 weight percent NaCl equivalent;
Gardner, 1985; Ansdell, 1985) is compatible with a heated basinal brine source. Stratiform
barite deposits hosted by the Lower Earn Group strata occur adjacent to the Hess and
Macmillan faults peripheral to the pull-apart basin and are not associated with active fault
scarps (Turner, 1984). Stratiform barite deposition reflects the submarine discharge of warm,
hydrothermal fluids at temperatures of less than 100 C from §hallowly penetrating faults

(Lydon et al., 1985).

CONCLUSIONS

Uplift on the Jason fault caused slope failure and slumping of shallowly buried bedded
silts, muds, gravels and sands that accumulated as debris lobes at the base of the fault scarp.
Slump debris accumulated in lobe-like deposits that extended over 1000 m from the
submarine fault; the thickness of these accumulations varied from 20 to 60 m thick near the
fault to less than 10 m a kilometer away. Slumped interbedded silts, muds and gravels were

transported as intraclast-rich debris flows that in some cases evolved into turbulent debris
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flow due to the incorporation of water during flow. Failure of uncemented gravel and sand
beds caused high density turbidity flows or grain flows that deposited by frictional freezing.
The concentration of gravel deposition near the scarp and sand deposition further out reflects
the differing transport processes of pebbles (i.e. dispersive pressure) versus sand (ie. flow
turbulence). Thin-bedded siltstone turbidites sequences were deposited with the heterolithic
debris lobes mear to the Jason fault scarp. Further from the fault the siltstone beds
interfinger with carbonaceous mudstones. The well sorted character of these turbidites argues
for a considerable transport distance; the lack of thickening towards the Jason fault suggests
it is unlikely that they were derived from the adjacent Jason fault scarp. These siltstones are
indistinguishable from siltstones in the underlying siltstone turbidite lithofacies and may
reflect the waning flow of the westerly derived turbidite channel deposition that was focused
along the bathymetric low adjacent to the Jason fault. Such deposition corresponds to the
southeastward shift of the axis of turbidite deposition with time (Fig. 6); such a shift would
be expected during continuing subsidence within a half-graben adjacent to the Jason fauit.
These siltstone turbidite sequences were prone to partial disaggregation due #n &ftu thixotropic
disruption by seismic activity or elevated fluid pressures and dewatering due to infiltration of

hydrothermal fluids from the fault area.

Initiation of accelerated movement on the Jason fault allowed heated saline basinal
fluids to rise to the seafloor where they deposited hydmthermal sediments in a sag zone
adjacent to the Jason fault. Coincident with deposition of the lower stratiform horizon was
the episodic deposition of k thin silt turbidites reflecting the retrograde distal deposition of the
westerly derived turbidite detritus and minor, thin sedimentary breccia immediately adjacent

to the Jason fault.

Reactivation of movement on the Jason fault coincided with cessation of silty turbidite
deposition and resulted in slumping of the fault scarp and the deposition of the A
sedimentary breccia lobe. Immediately adjacent to the fault, lobes of mass flows created a

hummocky seabottom and hydrothermal sedimentation was favored in the intra-lobe lows.
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Massive thick-bedded pyrite, ankerite, galena and sphalerite were deposited rapidly during
initial mixing of hydrothermal fluids with seawater; laminated sulfide-rich hydrothermal
sediments were deposited more slowly from the mixed discharge after it spread laterally away

from the vent area.

Fluid flow on the Jason fault was accommodated by fracture permeability, and the
fractures also were the site of deposition of siderite and sulfides. Renewed movement on the
fault brecciated the old siderite filled fractures and created new ones that accommodated the
next pulse of hydrothermal discharge. Fracturing also took place in indurated wall rocks
adjacent to the fault and fault movement brecciated the hydrothermal sediments interbedded
with silicified sediments in the vent area of the lower horizon, resulting in a breccia body
adjacent to the Jason fault and immediately below the seabottom. This early induration and
subsequent brittle failure of these early sediments created a high permeability zone that

focused subsequent discharge, allowing the formation of a massive sulfide deposit.

The precipitation of carbonates, sulfides and quartz in the breccia body likely caused
the episodic plugging of fluid flow through the upper breccia body. Fluid overpressures that
developed during periods of retarded discharge due to mineral precipitation in fractures
caused hydrothermal fluids to infiltrate sediments adjacent to the breccia body and resulted in
the alteration of sediment. Subsequent overpressures ruptured these indurated and

mineralized sediments forming bedding parallel veins that accommodated lateral fluid flow.

Hydrothermal sedimentation was interrupted by renewed movement on the Jason Fault,
scarp failure, and deposition of at least 80 m of mud-rich debris flows and gravel rich high
density turbidity flows (B sedimentary breccia) over the vent area of the upper horizon.
Resedimentation of the uppermost hydrothermal sediments coincided with the onset of slope
failure. It is likely that this rapid physical capping of the hydrothermal system also caused

continuued lateral infiltration after the cessation of exhalative activity.
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- CHAPTER 38

DEPOSITIONAL PROCESSES IN STRATIFORM SEDIMENT-HOSTED
Pb-Zn DEPOSITS; EVIDENCE FROM THE JASON DEPOSIT,

MACMILLAN PASS, YUKON

INTRODUCTION

Review articles by Large (1980) and Smith (1983) have recognized sediment-hosted
stratiform lead-zinc deposits as a distinct class of ore deposit. Stratiform lead-zinc deposits
are concordant bodies of laminated to bedded lead, zinc and iron sulfides hosted by fine-
gréined sedimentary strata. The depositional processes that form these deposits are poorly
understood. A widely held view is that most stratiform lead-zinc deposits form as
hydrothermal sediments in submarine or sub-lacustrine environments (Large, 1980). This
view is based largely on the general characteristics of stratiform deposits, such as the
sediment-like character of laminated to bedded sulfides, great lateral extent at a single
stratigraphic horizon, commonly massive character, and in some cases association with altered
footwall rocks. However, fundamental questions remain concerning the genesis of stratiform
deposits. (1) What is the timing of sulfide deposition relative to the deposition of the host
sediments? Textural and isotopic studies at the McArthur Riyer stratiform Pb-Zn deposit
have lead workers to conflicting conclusions as to tl;e timing of the stratiform deposition; both
exhalative sedimentary (Lambert, 1979) and a diagenetic infiltrational (Williams, 1979)
models have been proposed. (2) What are the dominant processes that deposit the
hydrothermal minerals? Within the exhalative model it might be expected that a stratiform
body might reflect a complex history that could include hydrothermal sedimentation,
resedimentation of previously formed hydrothermal material, metasomatic processes in vent
areas and recrystallization and remobilization during diagene§is. (3) What is the depositional

environment of sulfide accumulation? Two possible submarine exhalative environments that
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are recognized in todays ocean provide possible modern analogues (Zierenberg, 1983);
deposition from hydrothermal fluids that mix directly with seawater (e.g. mid-ocean ridge
vent areas) and deposition from warm bodies of hydrothermal fluid ponded on the seafloor
(e.g. Red Sea brine pools). The importance of these two exhalative analogues to stratiform

sediment-hosted deposits has yet to be established.

The characteristics of the Jason stratiform lead-zinc deposit make it an attractive study
area to tackle such question about processes of formation of stratiform deposits. At the Jason
deposit, stratiform ore was deposited adjacent to an active synsedimentary fault (Chapter 2)
and some of the ore body was resedimented. This provides critical evidence towards a
sedimentary origin. The occurrence of massive, veined stratiform ore near the synsedimentary
fault and finely laminated ore distal to the fault suggest that a range of depositional processes
formed the stratiform body. Mineral assemblages in veins and breccias within and underlying
the stratiform body place constraints on the composition of the hydrothermal fluids prior to
deposition of minerals in the stratiform deposit. Recent studies by Eldridge et al. (1983) have
underscored the value of detailed petrographic studies in elucidating the genetic processes
that formed the Kuroko volcanogenic massive sulfide deposits. The present study has
integrated deposit scale stratigraphic analysis of the Jason stratiform deposit with
petrographic analysis of an extensive suite of selected samples. Xray diffraction and electron
i microprobe analysis were used to determine mineral compositions. Strontium isotope analysis
of selected samples provide constraints on the degree of mixing of hydrothermal fluid and

seawater during deposition of the hydrothermal minerals.

GEOLOGICAL SETTING

The Jason deposit is located at MacMillan Pass, in the eastern Yukon Territory, Canada
(Fig. 3.1). The Paleozoic miogeoclinal strata of in the MacMillan Pass area are deformed into
a west-trending set of open to tight folds and high angle reverse ffaults of Mesozoic age and
metamorphosed to a sub-greenschist grade (Abbott, 1982). Cretaceous age granite stocks

locally intrude these deformed strata.
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Figure 3.1 Geological map of the area near the Jason stratiform deposits (modified after
unpublished company map, Cordilleran Engineering) with location of cross-section B-B’
(Figure 3.2).
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The Jason stratiform mineralization is hosted by carbonaceous siliceous shale and
siltstone turbidite of the Lower Earn Group of Middle to Late Devonian age (Abbott, 1983).
Throughout the Yukon and northeastern British Columbia, the Lower Earn Group, and
correlative strata are characterized by small coarse-grained turbidite fan complexes, abrupt
changes in facies and sediment thickness, locally developed unconformities, and evidence for
synsedimentary faulting (Lenz, 1972; Winn et al., 1981; Gordey, 1981; Gordey et al., 1982).
These features have been attributed to rifting or wrench faulting of the outer continental
margin of North America during Middle Devonian to early Mississippian time {Templeman-
Kluit, 1979; Eisbacher, 1983; Abbott, 1983). Stratiform sediment-hosted sulfide and
stratiform barite deposits of Late Devonian age present throughout northeastern British
Columbia and the Yukon are thought to reflect submarine geothermal activity associated with

this extensional faulting (Cathro and Carne, 1982).

In the MacMillan Pass area, the absence of evidence of wave reworking and the
deposition of the coarser clastic sediments by mass flow transport in the Lower Earn Group
strata indicates a deep-water setting. Very heavy sulfur isotope ratios of diagenetic pyrite
(Goodfellow and Jonnason, 1984}, the absence of evidence of benthic faunas and high organic
carbon  content within the Lower Earn Group suggests that the marine conditions were
anoxic. Such stagnant conditions may reflect several factors that include anoxic nature of the
global Lower Paleozoic oceans (Berry and Wilde, 1978), coastal upwelling (Parrish, 1982,
1983) and restricted seawater circulation within the irregular topography-of this faulted

continental margin.

The depositional and tectonic setting of the Lower Earn Group strata may be analogous
to the Late Cenozoic to Recent age borderland basins of Southern California. The borderland
represents a submarine component of the broad San Andreas wrench fault regime (Blake et
al., 1978). This seabottom of ridges and basins is undergoing very rapid vertical strain and
narrow debris aprons occur along the fault bounded margins of the basins (Nardin et al,,

1979). Basin depths range from 500 to 2000 m in depth. Baritic sinters and nodules formed
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from the venting of hydrothermal fluids have been discovered along basin bounding strike-slip

faults (Revelle and Emery, 1951; Lonsdale, 1979).

STRATIFORM MINERALIZATION

Stratiform Pb-Zn-barite ores on the Jason property occur on the north limb (Main zone)
and south limb (South zone) of a southeasterly plunging, tightly folded syncline known as the
Jason syncline (Figs. 3.1, 3.2). Based on stratigraphic correlations and the match of metal
ratios and mineralogical trends, the South and Main zones are interpreted to be parts of one
stratiform body (Chap. 2). Steep, southeast-trending faults are parallel to the axial plane of
the syncline and locally cut the Main zone. Younger north-trending high angle faults offset

all other structures and the stratiform ores with small displacement.

The Jason stratiform Pb-Zn-barite deposit is characterized by its small tonnage, high
Pb+Zn grade, high Ag content, strong textural and mineralogical zoning, high Pb/(Pb+Zn)
ratio, high barite content and the active tectonic setting of its depositional environment.
Reserves are estimated at 15.5 million tons averaging 7.1% Pb, 6.6% Zn and 2.3 oz/ton Ag
(Bailes et al., 1984). Previous studies of the Jason deposits include Winn et al.(1981),

Gardner (1983), Turner (1984), Gardner and Hutcheon (1985) and Bailes et al. (in press).

The stratiform ore occurs adjacent to the synsedimentary Jason fault (Chapter 2) and is
interstratified with sedimentary breccias, organic-rich siliceous shale and thin-bedded siltstone
turbidite (Fig. 3.2). There are two stacked stratiform bodies comprising the Jason deposit,
referred to as the upper horizon and the lower horizon. The lower horizon is interbedded with
a sequence of thin-bedded siltstone turbidites; the upper horizon is interbedded with siliceous
shale and lessor sedimentary breccia units and siltstone turbidite. Both stratiform horizons
are mineralogically and texturally zoned away from the Jason fault. A steeply dipping body
of brecciated and mineralized rock adjacent to the Jason fault underlies the upper horizon
and cuts the lower horizon. The proximal part (used here with reference to the distance from
the Jason fault) of both the upper and the lower stratiform bodies is compésed of beds of

massive pyrite and massive to banded siderite-ankerite-galena cut by abundant veins. In the
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upper horizon, these beds also are interbedded with banded galena-pyrite and banded galena-
sphalerite-pyrite. Distal to the synsedimentary fault, ore in both horizons is characterized by
laminated barite-quartz-sphalerite-galena-pyrite and interbedded siliceous sediment. Siliceous

sediment forms an envelope around the distal stratiform bodies.

The structure of stratiform bodies is generally planar. Locally strata are deformed into
small-scale (1-2 m amplitudes) tight folds. A west-trending cleavage axial to the Jason
syncline is developed in argillaceous strata and is defined by oriented clays and fine-grained
muscovite. Where sulfide horizons are deformed into small scale folds a cleavage is defined by
oriented growth of barite and sulfide minerals. Extension veins are abundant within siliceous
beds within and adjacent to the stratiform bodies. Faults sub-parallel to bedding occur in the

eastern portion of the Main Zone and have caused brecciation and displacement of the strata.

STRATAL TYPES IN STRATIFORM ORES

The term stratiform is used here to describe textures of discrete, sharply bounded,
monominerallic or polyminerallic, concordant beds typically composed of fine-grained
anhedral minerals between 0.005 and 0.05 mm in diameter. Disseminated mineral grains
whose distribution is sharply defined by stratum contacts (ie. galena in sphalerite laminae) are
included in the stratiform textural category. Minerals of non-stratiform distribution are
generally coarser grained (0.1 to 1.5 mm) and occur as disseminated subhedral grains (eg.
celsian, pyrite), discontinuous concordant lenses (e.g. quartz-celsian), discordant veinlets or
nodules (e.g. quartz), and veins and breccias (e. g. ankerite in Jason fault and breccia body).
The distinction between stratiform and non-stratiform textures is easily made in the distal

parts of the stratiform bodies; however, it often is ambiguous in the massive proximal facies.

Terms for grain size are modified from the Wentworth scale (Wentworth, 1922): very
fine-grained (<0.0039 mm), fine-grained (.0039 to 0.0625 mm), medium grained (0.0625 to 0.5
mm), coarse-grained (0.5 to 2.0 mm) and very coarse-grained (>2.0 mm). The terminology

used to describe bed thickness here is modified after Ingram (1954): micro-laminated (<0.1
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Table 3.1 Abundance and grain size of mineral constituents in strata types.
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mm), very finely laminated (0.1 to 1 mm), finely laminated (<3 mm), thickly laminated (3 to

10 mm) and bedded (>10 mm).

Stratiform ore can be divided into commonly occurring and distinctive mineral
assemblages referred to here as stratal types (Table 3.1). Stratiform facies, discussed later,
are defined as commonly occurring associations of stratal types that comprise mappable

portions of the stratiform horizons (Fig. 3.3).

Siltstone Strata

Thin siltstone beds, 1 to 3 cm thick, comprise about 40 9% of the lower horizon and 5%
of the upper horizon (Fig. 3.4, 3.5). They are T,,, T, or T. turbidites using the
terminology of Bouma (1962). Silt-size quartz and chert grains comprise the beds, clays are a
minor component. These siltstone beds differ from bedded siltstone beds overlying and
underlying the stratiform horizons by their lighter color (light grey), absence of organic
matter and more siliceous nature. Beyond the stratiform deposit, siltstone beds are dark grey
to black in color and composed largely of quartz silt with minor floating quartz or chert sand
grains, clay minerals and carbonaceous opaque matter. Siltstone turbidites interbedded with
some siderite beds near the breccia body contain up to 20 % fine-grained massive barian

muscovite (Fig. 3.5).

Carbonaceous Quarte-Pyrite Strata

Carbonaceous quartz-pyrite strata are characterized by the predominance of very fine-
grained quartz and the presence of submicroscopic carbonaceous matter and disseminated
pyrite (Table 1). These strata comprise a major portion of the distal fringe of the stratiform
horizon. Carbonaceous quartz-pyrite beds can be divided petrographically into two types:
finely laminated and massive. Finely laminated beds are clay poor and are composedbof
organic-rich and quartz-rich microlaminae (0.005 to 0.0lmm) (Fig. 3.6) with up to 1%
radiolaria. Pyrite commonly occurs as coarser subhedral grains 0.004 to 1.0 mm in diameter,

or less commonly as 0.005 mm framboidal spheres, clusters and atolls concentrated
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Figure 3.3 Spatial distribution of laminae types within the stratiform horizons with respect to
distance from the Jason fault. Dotted lines include the laminae that comprise each stratiform
facies.



Figure 3.4 Barite facies: Laminae of barite (white) and sphalerite (yellowish brown)
interbedded with silicified and bleached T}, (Bouma, 1962) siltstone turbidites

(medium olive brown) in the lower stratiform horizon. Stratigraphic tops to tight.
Disseminated ankerite grains occur in the siltstone beds. White quartz extension veinlets cut

siltstone beds are related to deformation of Mesozoic age. Scale is in centimeters. Lower
stratiform horizon, DDH 68A.

Figure 3.5 Iron carbonate facies: Siderite beds (brown) with galena (silver) and silicified,
bleached and sericitized, thin-bedded siltstone turbidite beds (pale grey) cut by quartz-
ankerite (blue) vein and ankerite breccia (blue). Blue colour due to staining with potassium
ferricyanide. Field of view is 8 em. Lower horizon, DDH 56B.
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Figure 3.6 Quartz-sulfide facies: Very-finely laminated massive sphalerite laminae (grey) 0.2
mm thick underlying carbonaceous chert {dark grey). Framboidal pyrite (white) are
abundant in both the sphalerite laminae and the organic-rich chert. Transmitted and
reflected light. Field of view is 0.7 mm. Upper horizon, DDH 24.
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Figure 3.7 Quartz-sulfide facies: Quartz-celsian band (QCB) within light colored quartz-
sphalerite and sphalerite laminae (SL) are interbedded with carbonaceous quartz-pyrite
(black) laminae of both the microlaminated subtype (thin laminae) and massive subtype
(thick bed). Ripple-like laminae set have resulted from the compactional drape of laminae on
irregularities of the quartz-celsian band. Field of view is 6 cm. Upper horizon, DDH 69.
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along bedding planes (Fig. 3.7). Very fine-grained sphalerite may occur as disseminated

anhedral grains where carbonaceous quartz-pyrite laminae are interbedded with sphalerite

laminae. Sphalerite rims on pyrite framboids occur locally.

The massive type of carbonaceous quartz pyrite beds are commonly 1 to 5 ¢m thick but
may exceed a meter in thickness. They lack internal lamination, are clay rich (2 to 4 % illite)
and have 1 to 4 % floating silt-sized grains of quartz and chert (Fig. 3.7). The content of
organic matter in these massive beds decreases towards the Jason fault resulting in an
increasingly paler grey color. Irregular domains of black ‘chert’ within these grey ‘chert’
beds, as well as grey selvages along fractures that cut carbonaceous quartz-pyrite beds

indicate that there was post-depositional destruction of the organic matter,

Compared to laterally equivalent shales beyond the stratiform bodies, carbonaceous
quartz-pyrite beds are similar in texture and carbon content but differ by a greater abundance

of quartz and pyrite.

Quartez-Sphalerite Strata

Quartz-sphalerite laminae are defined by greater than 95 9% sphalerite + quartz,
between 5 and 50 % sphalerite and an absence of carbonaceous matter and framboidal pyrite
(Table 3.1). Pale-colored sphalerite occurs as fine-grained anhedral grains within a mosaic of
very fine- to fine-grained quartz. Galena is a minor component, with darker colored sphalerite
associated with increasing galena content. Pyrite content is very low. Radiolarian tests are
common. Quartz-sphalerite strata are divided into two subtypes; laminated and massive

thick-bedded.

Laminated quartz-sphalerite strata are 0.1 to 1.5 mm thick and show faint micro-
laminae (0.01 to 0.1mm) that suggest that the bed is an amalgamation of very fine-scale
depositional events (Fig. 3.8). The massive thick-bedded subtype of quartz-sphalerite beds are
thick-bedded (2¢m to 1m) and massive in nature lacking internal lamination. The common

association of massive quartz-sphalerite beds with sedimentary breccia beds and the



set of micro-laminae of sphalerite-rich (dark) and chert-rich (light) quartz-sphalerite.
Stratigraphic tops up. Thick basal laminae with a sharp base is overlain by thin sphalerite-
rich and chert-rich quartz-sphalerite laminae. The quartz-sphalerite graded unit is interbedded
with quartz-rich beds with minor disseminated sphalerite. Anhedral to subhedral celsian
{(white) occur in both the quartz-sphalerite laminae and the quartz beds. Field of view is 3
mm. Non-polarized transmitted and reflected light. Upper horizon, DDH 68.

Figure 3.9 Clast of laminated chert-sphalerite within conglomeratic sandstone bed
immediately overlying the upper stratiform horizon in the Main Zone area.. The irregular
boundary of the laminated chert-sphalerite clast suggests that the clast was only partly
lithified when eroded. The sphalerite-rich laminae (sl) in this eroded clast are thicker and
more diffuse than is typical of non-eroded laminae of similar composition. As the laminae
orientation within the clast was at high angle to bedding during compaction, these laminae
underwent less compaction and hence more closely reflect the character of the laminae at the

time of sedimentation. Late quartz veins (white) cut both the clast and conglomeratic
sandstone bed. Field of view is 7 em. DDH 23-121.7m
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similiarity of the composition and texture of these beds to the matrix of bedded breccias rich
in fragments of quartz-sphalerite beds suggests that these beds represented resedimented

quartz-sphalerite strata.

Clasts of laminated quartz-sphalerite occur within conglomerate lens channels
immediately overlying the upper stratiform horizon (Fig. 3.9); clasts of both massive and
laminated quartz-sphalerite occur within beds of fine-grained massive quartz-sphalerite (Fig.

3.10) in distal portions of the upper horizon.

Sphalerite Strata

Sphalerite laminae are defined by greater than 50 % anhedral very fine- to fine-grained
sphalerite (Fig. 3.11, 3.12, 3.13) and less than 5% galena; they commonly contain greater
than 95% sphalerite. Quartz, and to a lessor extent, galena and ankerite are the most
common accessory phases (Table 3.1). Quartz and ankerite commonly occur as grain
aggregates; galena occurs as fine to medium-grained patches interstitial to anhedral sphalerite
grains. Pyrite content typically is very low. Laminae typically are massive and where
sphalerite is fine-grained contacts are commonly sharp and planar (Fig. 3.13); medium-grained
sphalerite laminae have more irregular contacts that follow grain boundaries (Fig. 3.6). A
compositional continuum exists between sphalerite laminae and quartz-sphalerite laminae, and
sphalerite laminae and sphalerite-galena laminae (Fig. 3.11, 3.12). Sphalerite laminae are the
most widespread stratal type within the stratiform horizons and occur interbedded with all
other stratal types except siderite and pyrite beds (Figs. 3.11, 3.12, 3.13, 3.14, 3.15).
Sphalerite laminae typically are 0.1 to 1.0 mm thick where interbedded with carbonaceous
chert-pyrite-sphalerite, chert and barite laminae and up to 10 mm where interbedded with
galena and galena-sphalerite laminae. There is a textural and mineralogical zoning of the
sphalerite laminae within the stratiform bodies; away from the Jason fault laminae decrease
in thickness, grain size, galena content, chalcopyrite content and darkness of color. The color

of sphalerite laminae ranges systematically from dark red-brown near the Jason fault to
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Figure 3.10 Sedimentary sulfide breccia: Sedimentary contact of sulfide-quartz breccia with
underlying siliceous argillite. Clasts of quartz-sphalerite, sphalerite and carbonaceous quartz-
pyrite occur in quartz-sphalerite matrix. Thin quartz veinlets (white) cut the siliceous
argillite.
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Figure 3.11 Pb-Zn-Fe sulfide facies: Contact between a bed (left) containing laminae 0.4 mm
thick of sphalerite (light grey) and quartz (dark grey) and sphalerite-galena (white}-quartz
laminae (0.2 mm thick), and a quartz-sphalerite bed (right). Subhedral celsian (CN) occur in
quartz-rich sphalerite laminae. Field of view is 3 mm. Cross polarized transmitted and
reflected light. Upper horizon, DDH 63B.
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Figure 3.12 Pb-Zn-Fe sulfide facies: Laminae of A) fine-grained (0.01 mm) sphalerite-galena;
within B) fine-grained sphalerite-quartz; C) medium to coarse-grained galena-rich sphalerite-
galena-quartz; and D) sphalerite-rich sphalerite-galena-quartz laminae. Coarse-grained
subhedral celsian (CN) is partly altered to kaolinite. Field of view is 3mm. Cross polarized
transmitted and reflected light. Upper horizon, DDH 63B.
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Figure 3.13 Pb-Zn-Fe sulfide facies: Sharp bedding contact between a massive sphalerite-
quartz (right) bed and and underlying galena-pyrite-quartz (left) bed. Within the galena-
pyrite bed, pyrite (py) occurs as subhedral to euhedral grains or amalgamated clusters of
grains within a massive galena (gl) matrix. Quartz occurs as coarse-grained pods. Very fine

grained massive sphalerite forms the overlying bed. Field of view is 3.5 mm. Reflected light.
B82-124
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Figure 3.14 Barite lacies: Finely laminated character of the distal stratiform mineralization
(barite facies). Interbedded massive carbonaceous-quartz-pyrite beds (dark grey) with barite
laminae (light grey), and sphalerite laminae (buff). Barium carbonates are stained red using
Alizaran Red S (brown in photo). Disseminated pyrite (light yellow) is concentrated within
carbonaceous-quartz-pyrite beds. Scale in centimeters.
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Figure 3.15 Iron carbonate and Pb-Zn-Fe sulfide facies:. Very sharp cont,a.c't bet'v.veen very
finely laminated quartz-sphalerite (brown) and underlymg‘ba:nded ankent-e stained w'xt.h
potassium ferricyanide (blue). Sphalerite bands (brO\:vn) wx'thm the ankerite are styc?lxt}c
surfaces parallel to the Mesozoic cleavage. Quartz vein (white) cuts carbonate. Scale is in
centimeters. Upper horizon, DDH 86A.
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pink and yellow, to buff and white in the most distal parts of the deposit.

Sphalerite-Galena Strata

Sphalerite-galena laminae are polyminerallic laminae defined by greater than 60%
sphalerite+-galena and greater than 5% galena; they are intermediate in composition between
sphalerite laminae and galena laminae (Table 3.1). Medium-grained anhedral brown to dark
red brown sphalerite and medium-grained galena occur in subequal proportions (Fig. 3.11,
3.12). In sphalerite-rich beds, galena occurs within the interstices of anhedral sphalerite
grains; within galena-rich layers the sphalerite occurs as scattered anhedral grains within a
coarse-grained matrix of galena. Medium to coarse-grained anhedral ankerite and quartz
grains may comprise 5 to 20 % of the bed. Disseminated subhedral to euhedral pyrite grains
0.1 to 1 mm in diameter comprise less than 5 percent of the laminae. Galena-rich laminae
tend to be quartz-poor, whereas sphalerite-rich laminae are more quartz-rich (Fig. 3.11).
Sphalerite-galena strata are typically associated with sphalerite, galena and galena-pyrite
laminae (Fig. 3.16) and range in thickness to 20 mm. Sphalerite-rich and galena-rich
microlaminae comprise some laminae. Rounded clasts of massive fine-grained pyrite or
growth banded pyrite up to 1 cm in diameter occur in some thicker, massive beds (Fig. 3.16).
Clasts of massive sphalerite-galena beds occur intercalated with the upper horizon and within

sedimentary breccia beds overlying the upper stratiform horizon (Fig. 3.17).

Galena Strata

Galena laminae are composed of greater than 80 % galena, with sphalerite more
sbundant than pyrite. The abundance of sphalerite distinguishes this stratal type from
galena-pyrite laminae. Ankerite is a common accessory mineral, quartz is very minor (Table
3.1). Galena laminae rarely exceed 1 mm in thickness and are much less widespread and -
abundant than the sphalerite laminae with which they commonly are interbedded. Galena
laminae typically are discontinuous and occur as irregular elongate patches along bedding

(Fig. 3.11, 3.12).
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Figure 3.16 Pb-Zn-Fe sulfide facies: Massive bed composed of laminae of sphalerite-galena
(dark grey) and galena (light grey) containing rounded and broken clast of fine grained pyrite

(PY). Pods of coarse-grained quartz (white) of diagenetic origin occur within bed. Field of
view is 4 cm. Upper horizon, DDH 88.

Figure 3.17 Pb-Zn-Fe sulfide facies: Sedimentary breccia with clasts of sphalerite-galena bed
(SG), coarse-grained quartz with interstitial galena (QTZ), quartz veined sandstone (SS) and

chert (CH) in sphalerite-rich argillaceous matrix. Field of view is 7 cm. Upper horizon, DDH
51A.



~120-

Galena-Pyrite Strata -

Galena-pyrite laminae occur exclusively in the upper stratiform horizon near to the
Jason Fault (Fig. 3.3). These laminae, ranging in thickness from 0.1 to 10 cm, are
characterized by subequal amounts of medium- to coarse-grained galena and pyrite and less
than 5 percent sphalerite (Table 3.1). Ankerite and minor quartz are accessory phases.
Galena occurs as massive medium—grained. aggregates. Pyrite occurs in two textural styles
within the galena matrix: very fine-grained aggregates and medium-grained subhedral
disseminations. Such very fine-grained pyrite aggregates may be massive or growth-banded
and comprise 3 to 10 percent of the beds. Massive fine-grained aggregates are comfnonly
rounded in shape, or highly irregular and surrounded by an archipeligo of very fine-grained
pyrite islands {Fig. 3.18). Very fine-grained rounded aggregates up to 1 mm in diameter
commonly display fine scale planar or concentric growth banding of pyrite and intergrown
pyrite-galena (Fig. 3.19, 3.20). Truncated growth bands occur at the margin of some pyrite
aggregates suggesting that the aggregates are detrital clasts (Fig. 3.19). Pyrite also occurs as
disseminated subhedral to euhedral grains to O.5 mm which may comprise up to 30 percent of
the galena-pyrite beds (Fig. 3.19).

Medium- to coarse-grained ankerite or quartz form irregular pods up to 5 mm in
diameter within the galena matrix (Fig. 3.13). These pods locally cut bed contacts or
colliform pyrite-galena (Fig. 20) indicating that they grew insitu within the galena-pyrite bed.

Euhedral pyrite grains locally cross the margins of ankerite and quartz pods (Fig. 3.20).

Pyrite Strata

Pyrite beds are thick-bedded and composed of greater than 80% pyrite content. Galena
and ankerite occur as minor phases. Pyrite beds occur immediately adjacent to the Jason
fault (Fig. 3.3). Two pyrite bed subtypes exist: fine-grained growth banded pyrite and

medium-grained massive pyrite.

(1) Growth banded pyrite: very fine-grained pyrite and lessor galena in textures similar to
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Figure 3.18 Pb-Zn-Fe sulfide facies: Galena-pyrite (+ sphalerite) bed. Archipeligo of fine
pyrite (white) grains surrounding embayed pyrite grain within matrix of galena (gray) and
sphalerite (dark gray) suggesting replacement of the pyrite by galena and sphalerite.
Sphalerite and quartz (black) occur as anhedral grains within galena matrix. Reflected light;
field of view is 0.7 mm. Upper horizon, DDH 88.

Figure 3.19 Pb-Zn-Fe sulfide facies: Galena-pyrite bed. Clot (clast?) of colliform banded
pyrite-galena, irregular clots of quartz and ankerite (white), and disseminated anhedral and
subhedral pyrite (light grey) within a galena matrix (medium grey). Reflected light. Field of
view is 3.5 mm. Upper horizon, DDH 56B.
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Figure 3.20 Pb-Zn-Fe sulfide facies: Galena-pyrite bed paragenesis. Colliform pyrite (white)
in matrix of galena (medium grey) is replaced by ankerite (dark grey); late pyrite (white)

replaces both colliform pyrite and ankerite. Field of view i 0.7 mm; reflected light. Base of
upper horizon, DDH 56B.

Figure 3.21 Pyrite facies: Massive, medium-grained pyrite bed (buff colored) cut by irregular

veinlets of sphalerite (dark brown; see Fig. 3.41) and quartz-chalcopyrite vein. Scale in
centimeters. Upper horizon, DDI1 88.
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those in galena-pyrite beds form undulatory growth bands or colliform spherulites aligned in
irregular layers subparallel to bedding. Individual bands range from 0.01 to 0.05 mm in
thickness and are composed of either very fine-grained pyrite or finely intergrown pyrite and
galena. Growth banded aggregates form a bed up to a meter thick at the base of the

stratiform horizon.

(2) Massive pyrite: Massive, monominerallic beds of medium-grained pyrite range up to 0.8 m
in thickness. In the upper horizon, massive beds 30 to 80 e¢m thick cut by abundant quartz-
sulfide veinlets (Fig. 3.21) are interbedded along sharp contacts with sedimentary breccia,
galena-pyrite and ankerite beds. Massive pyrite beds in the lower horizon range in thickness
from mm scale to 30 cm; contacts with interbedded siltstone beds are generally concordant
but near the breccia body discordant contacts are common (Fig. 3.22). Locally, chert pebbles

float within these massive pyrite beds (Fig. 3.23).

Barite Strata

Barite laminae are commonly are composed of greater than 90% fine to medium-grained
equigranular barite. Minor disseminated quartz, galena, pyrite and sphalerite occur as
accessory minerals. Barite laminae range in thickness from 1 to 10 mm and typically have
sharp contacts with adjacent laminae (Figs. 3.4, 3.24). Barite laminae are the most
abundant stratal type in the deposit and occur throughout much of the distal part of the

stratiform horizons (Fig. 3.3).

Barite laminae are interbedded with sphalerite, quartz-sphalerite, quartz and galena-
sphalerite laminae in both the upper and lower stratiform horizons (Fig. 3.4). Near the Jason
fault, barite laminae tend to be coarse-grained, thicker and contain more sulfide (Fig. 3.25).
In such galena and sphalerite-rich strata, sets of sphalerite-galena laminae are successively'
overlain by sphalerite-galena-barite laminae and barite laminae forming asymmetric sulfide-

sulfate cycles (Fig. 3.26). The ratio of galena to sphalerite within barite laminae is commonly

high.
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Figure 3.22 Pyrite facies: Generally concordant contacts of pyrite laminae (light gray) with
interbedded silicified and bleached siltstone beds {dark grey) adjacent to the breccia body.
Discordant pods and veinlets of pyrite are interpreted to represent post-depositional
mobilization of pyrite due to hydrothermal fluid infiltration in the vent complex area. Scale
- in centimeters. Lower stratiform horizon, DDH 56B.
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Figure 3.23 Pyrite facies: Angular chert fragments floating within a massive pyrite bed.
Field of view is 8 cm. Lower horizon, DDH 56B.
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Figure 3.24 Barite-sulfide facies: Contact between chert bed (light grey, on left) and barite
bed (white, on right). Thin sphalerite-rich bands (SL) occur in both the barite bed and chert
beds. Disseminated pyrite (black) occurs preferentially with the sphalerite-rich laminae in the
chert bed. Plane transmitted light. Field of view is 3.5 mm. Lower horizon, DDH 68A.

Figure 3.25 Barite facies: Barite-rich sphalerite-galena laminae interbedded with barite (+
quartz) laminae. Barite (grey), quartz (white), sphalerite (dark grey), galena (black). Near
stratigraphic contact of Pb-Zn-Fe sulfide facies with barite facies. Field of view is 3.5 mm.
Transmitted light. Upper horizon, DDH 68D.
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Figure 3.26 Transition zone from Pb-Zn-Fe sulfide facies to barite-sulfide facies: Sphalerite-
galena laminae is overlain successively by sphalerite-galena rich barite laminae and by barite
laminae. Stratigraphic tops to right. This succession (indicated by extent of arrow) represents
cyclic deposition of sulfide and barite. Sphalerite (grey), galena (black), and barite (white).
Field of view is 15 mm; transmitted light. Upper horizon, DDH 68D.

SLT+ATE

Figure 3.27 Iron carbonate facies: Sharp contact between banded ankerite beds (ANK) and
bed of sphalerite and quartz bed (SL + QTZ). The sphalerite-rich bands within the ankerite
are sulfide-rich styolitic surfaces; note the truncation of the pyrite euhedra along the styolite

surface. Field of view is 3.5 mm. Plane transmitted and reflected light. Upper horizon, DDH
86A.
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Siderite Strata

Siderite beds commonly consist of fine- to coarse-grained siderite (Table 3.1) and range
in thickness from 1 to 50 ¢m. However, medium-grained galena intergrown with siderite
locally may comprise up to 15 % of the beds. Siderite beds occur only in the lower horizon
near the Jason fault (Fig.3.3) interbedded with silicified and bleached siltstone beds and
sericitized argillite beds (Fig. 3.5). Bedding contacts of siderite with interbedded siltstone are
sharp though disseminated euhedra of siderite ’commonly occur within adjacent siltstone beds.
Near the breccia body, siderite beds are cut by irregular veins and disseminated grains of
pyrrhotite; associated with such areas of pyrrhotite replacement, siderite aggregates replace

adjacent siltstone beds.

Ankerite Strata

Ankerite beds are composed of greater than 60 percent medium to coarse-grained
ankerite with lessor galena, siderite, pyrrhotite, pyrite and sphalérite. Ankerite beds oceur in
both the upper and lower horizons adjacent to the Jason fault (Fig. 3.3). There are two
subtypes: ankerite-rich beds and ankerite-galena beds. The latter commonly contain 5 to 20
% galena interstitial to anhedral ankerite grains. Ankerite-rich beds typically contain minor
galena and pyrrhotite, range in thickness from millimeter to meter scale and are most thick-
bedded near the Jason Fault. Further from the Jason Fault ankerite beds are interbedded
with other laminated mineralization and range from 3 to 10 mm thick (Fig. 3.15). Contacts
of thick-bedded ankerite beds with other strata are typically sharp (Fig. 3.15, 3.27) though
ankerite may replace quartz, barite and sphalerite where ankerite beds are interbedded with

quartz-sphalerite, quartz, and barite laminae (Fig. 4a).
SUMMARY OF MINERAL TEXTURES IN STRATA TYPES

Distal, Laminated Horizons

Strata in the distal laminated portion of the stratiform horizons are characterized by

aggregates of anhedral, subequant grains. Barite occurs as xenomorphic granular aggregates
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similar to foam textures described by Stanton (1972). Sphalerite and quartz in sphalerite-
quartz aggregates are also mosaics of anhedral, subequant grains with planar grain contacts.
Where sphalerite is the minor phase in sphalerite galena aggregates, it forms rounded grains
with high dihedral angles within galena aggregates, whereas minor galena in sphalerite
dominant aggregates occurs as interstitial, cuspate patches. The idiomorphic texture of pyrite
is distinct among the sulfides; such grains locally embody relicts of pyrite framboids and

suggest diagenetic growth.

Locally, the stratiform horizon is tightly folded and insoluble carbonaceous matter and
sulfides are concentrated on bedding parallel styolitic surfaces. In such areas, barite is
recrystallized into slightly elongate, grains parallel to cleavage and pyrite grains are

microfractured.

Proximal, Thick-Bedded Horizons

Mineral textures in the proximal stratiform bodies are more diverse than those in distal
areas. Grain size is typically coarser. Based on descriptions given above, a complex array of
replacement reactions occur within strata and include the replacement of carbonate by
carbonate (ankerite after siderite), the replacement of carbonate by sulfide (pyrrhotite and
galena after siderite and ankerite) and the replacement of sulfide by sulfide (chalcopyrite after
iron-rich sphalerite, galena and sphalerite after early pyrite, late pyrite after pyrrhotite).
Chalcopyrite oceurs as very fine-grained rounded disseminations within iron~righ sphalerite

grains.

NON-STRATIFORM TEXTURES IN STRATIFORM HORIZONS

Distal Horizons
Non-stratiform textures within the distal laminated portions of the stratiform horizons
include disseminated grains, irregular aggregates of grains, conformable lenses and bands, and

discordant veinlets (Fig. 3.28).
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Figure 3.28 Schematic distribution of discordant and non-stratiform mineral assemblages associ-
ated with the stratiform ores. Changes in thickness of bars indicates changes in the abundance of

the mineral assemblages.
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Disseminated and Banded Celsian/Hyalophane

Medium to coarse-grained euhedral to anhedral grains of barian feldspars are widespread
within all lamina/bed types except pyrite and siderite beds (Figs. 3.8, 3.11, 3.29) and are
most abundant on the periphery of the barite facies (see below)(Fig 3.28). Where barian
feldspars exceed 20 % of the rock, they commonly form along bedding and coalesce to form
irregular, discontinuous bands with quartz (Fig. 3.30). Feldspar compositions range from
celsian (BaAlSi30g) to hyalophane (K ,Ba )AlISi30g. The Ba/K ratio of the feldspar tends to
reflect the host lithology; celsian is common within strata that include barite laminae;
hyalophane dominates within clay-rich strata at the periphery of the stratiform horizons.
Barian feldspars also occur within sedimentary breccias, siltstone and shale above and below
the stratiform horizons. The concentration of barium within sedimentary breccias and
siltstone overlying the upper horizon where barian feldspars are the dominant barium phase
shows a logarithmic decrease for 60 m above the upper stratiform horizon (Bailes et al., in
press). Barian feldspars commonly are replaced by minor barian carbonates along cleavage
(Fig. 3.29); these carbonates have been identified as witherite, norsethite and barytocalcite by
Gardner (1983, 1985). Partial or complete alteration of barian feldspars to kaolinite is
widespread and is best developed adjacent to post-Devonian faults that cut the stratiform

bodies, suggesting kaolinite may be related to supergene alteration.
Quartz-Celsian Bands

Medium- to coarse-grained anhedral quartz and subhedral celsian form concordant but
discontinuous bands up to 8mm thick within sequences of siliceous shales and carbonaceous
quartz-pyrite beds at the base and top to the stratiform body. Closely spaced sets of bands 1
to 5 cm thick commonly are associated with disseminated medium-grained sphalerite (Fig.
3.30). Shale beds display compactional drapé over the irregular surface of quartz-celsian bands
(Fig. 3.7) and the bands locally are truncated by erosional surfaces near the Jason fault (Fig.

3.31).
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Figure 3.29 Barite facies: Celsian grain (c¢) at contact between laminae of fine-grained
equigranular barite (b) and a silicified siltstone bed (s). Medium-grained subhedral grains of
ankerite (a) occur within the siltstone bed; barian carbonate replaces celsian along cleavage.
Field of view is 1 mm; cross nichols, transmitted light. Lower horizon, 68A.

Figure 3.30 Quartz-sulfide facies: Rock slab of sets of bands of quartz-celsian (white)
bracketed by disseminated dark sphalerite (grey) grains and interbedded with massive subtype
carbonaceous quartz-pyrite beds (black). Field of view is 6 cm. Upper horizon, DDH 70.
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Figure 3.31 Quartz-sulfide facies: Sets of quartz-celsian (white) bands interbedded with sandy
siltstones truncated by disconformable base of overlying sedimentary breccia containing
quartz-celsian bands within clasts. Field of view is 6 em. Upper horizon, DDH 51A.
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Figure 3.32 Quartz facies: Disseminated pyrite-rich carbonaceous quartz-pyrite beds and
laminae. Pyrite occurs preferentially along bedding and in nodular forms. Field of view is 6
cm. Upper horizon, DDH 39.
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Quartz Veins

Planar fractures filled by fibrous quartz oriented perpendicular to vein walls occur
within siliceous siltstone beds interbedded with barite laminae (Fig. 3.4). Quartz veins are

localized in siliceous beds and are absent in adjacent, ductily deformed barite-rich beds.
Disseminated Pyrite

Disseminated pyrite is ubiquitous throughout the stratiform horizons where it typically
comprises 1 to 3 % of the rock. It is most abundant on the margins of the stratiform
horizons (Fig. 3.28, 3.32), within carbonaceous strata. Pyrite predominantly occurs as fine- to
coarse-grained subhedral to euhedral grains; fine-grained framboidal pyrite occurs with
subhedral pyrite within organic-rich carbonaceous quartz-pyrite laminae. Beds drape around

nodular patches of disseminated pyrite (Fig. 3.33).
Disseminated Iron Carbonate

Medium-grained euhedral ankerite grains are widespread within terrigenous sediments
interbedded with carbonaceous quartz-pyrite beds (Fig. 3.29); anhedral siderite grains are
common within terrigenous strata on the periphery of the stratiform body and commonly

have corroded outlines.
Irregular Veinlets of Sphalerite, Galena, Quartz and Celsian

Minor irregular veinlets of medium-grained anhedral sphalerite, galena, quartz and
subhedral celsian grains cut stratiform bodies with similar sulfide-quartz mineralogy. Veinlet
margins are transitional with adjacent sediments, interdigitate along laminae, and commonly

are sinuous to ptygmatically folded (Fig. 3.34).

Proximal Stratiform Body

Non-stratiform textures are much more common in the proximal than in the distal part
of the deposit; and adjacent to the Jason fault non-stratiform textures locally characterize the
bulk of the stratiform body. Non-stratiform textures are classified as disseminated, nodular,

irregular veinlet, or veinlet.
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Figure 3.33 Quartz facies: Differential compaction of siltstone strata around nodule of
disseminated pyrite indicates pyrite growth during compaction. Field of view is 6 em. Upper
horizon, DDH 86. '

Figure 3.34 Quartz-sulfide facies: Irregular sphalerite-galena-celsian-quartz ‘veinlet cutting
quartz-sphalerite (galena) lamina. The galena to sphalerite ratio and sulfide to quartz ratio is
higher in the veinlet than in the host laminated sulfide-quartz. Veinlet has a sinuous galena-
rich center that may reflect folding due to compaction. Margins of the veinlet are irregular
and merge laterally with sulfide-rich laminae. Cross polarized transmitted and reflected light.
Field of view is 3 mm. Sphalerite (SL), galena (GN), celsian (CN), and quartz (QTZ). Upper
horizon, DDH 63B.
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Quartz Nodules

Irregular nodules of coarse-grained quartz 0.5 to 10 c¢m in diameter occur within
ankerite beds (Fig. 3.35); similar but much smaller nodules are common within sulfide-rich
beds of galena-pyrite, sphalerite-galena, galena and sphalerite laminae (Figs. 3.13, 3.16).
Clasts of coarse-grained quartz pods oceur within sedimentary breccias immediately overlying

the upper stratiform horizon (Fig. 3.17)
Ankerite Nodules:

Nodules texturally similar to quartz nodules occur within ankerite beds and sulfide-rich
laminae. In ankerite beds, the coarse-grained ankerite occurs in both a nodular and irregular
vein-like form (Fig.DG) and are cut by all other non stratiform textural types. In sulfide-rich
beds, ankerite nodules 0.2 to 1.0 cm in diameters cut bed and laminae contacts and sulfide
clast margins (Fig. 3.13, 3.20). Ankerite nodules may comprise up to 30% of ankerite or

sulfide-rich beds.
Dissemsnated Bartan Muscovite

Barian muscovite occurs as fine-grained concordant beds interbedded with siltstones and
siderite and pyrite beds in the lower horizon (Fig. 3.5). Barian muscovite also occurs as
coarse-grained rosettes adjacent to the deeper parts of the breccia body (Fig. 3.28); rosettes
are commonly replaced by pyrrhotite (Fig. 3.37). The thinning of some siltstone beds adjacent

to rosettes suggests formation of the latter during sediment compaction.
Disseminated Pyrrhotite

Fine-grained pyrrhotite occurs as irregular disseminated grains within ankerite-sulfide
and siderite beds. Pyrrhotite replaces siderite and ankerite along cleavage and grain
boundaries (Fig. 3.38).
Pyrite

Medium- to coarse-grained subhedral to euhedral pyrite occurs throughout the proximal

portion of the deposit (Fig. 3.28) as disseminated grains and aggregates of grains (Figs. 3.15,
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Figure 3.35 Iron carbonate facies: Irregular quartz nodules (white) within galena-ankerite bed
(grey). Field of view is 4 em. Upper horizon, DDH 56A.

Figure 3.36 Iron carbonate facies: Irregular veins of coarse-grained ankerite cutting medium-
grained ankerite-galena bed. Field of view is 3 cm. Upper horizon, DDH 56A.
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Figure 3.37 Pyrite facies: Rosette of coarse-grained barian muscovite (black) within siltstone
bed. Muscovite is partially replaced by pyrrhotite (white). Reflected light. Field of view is
2.5 em. Lower horizon, DDH 86.

Figure 3.38 Iron carbonate facies: Replacement of siderite bed (grey) by pyrrhotite (black)
along cleavage and grain boundaries. Transmitted light. Field of view is 5 mm. Lower zone,

DDH 56B.
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3.19, 3.27, 3.39). Pyrite Brains grow across all other non-stratiform mineralization except

quartz veins.
Siderite-ankerite veinlets and breccia matriz

In the upper horizon, irregular coarse-grained ankerite veinlets (Fig. 3.36) are cut by

younger carbonate-muscovite-sulfide veins.
Carbonate-muscovite-sulfide veinlets

Massive fine-grained barian muscovite occurs with coarser ankerite and sphalerite as
irregular veinlets and pods (Fig. 3.4) that cut siderite and ankerite beds of the upper and
lower horizon (Fig. 3.28). Siderite crystals lining the pods are corroded and mantled by
coarser barian muscovite. These veins are likely associated with the siderite-muscovite-sulfide
matrix of the breccia body (see below) and siderite-muscovite-sulfide veins within and

adjacent to the Jason fault.
Sulfide veinlets

Sulfide veinlets composed of pyrrhotite + /- sphalerite, galena, chalcopyrite and pyrite
occur within the upper horizon, the underlying sedimentary breccia unit and the lower
horizon adjacent to the breccia body and Jason fault. Sulfide veinlets are discontinuous and
irregular in shape. They are spatially associated with replacement of iron carbonate by
disseminated pyrrhotite (Fig. 3.41). Within this vein set there is a vertical .zoning from
pyrrhotite+/-chalcopyrite veins in the lower horizon to pyfrhotite-%—/-sphalgrite, galena,
chalcopyrite or pyrrhotite+pyrite in the upper horizon. A steeply dipping pyrrhotite+pyrite
vein in the upper horizon was noted to merge into an overlying massive pyrite bed suggesting
that the vein was a conduit for fluids that formed the pyrite bed. Sulfide veinlets are locally

cut by carbonate-quartz-sulfide and quartz-sulfide veinlets.
Sphalerite, galena and pyrobitumen occur within irregular net-like veinlets rimmed by
euhedral pyrite (Figs. 3.21, 3.41) within pyrite beds of the upper horizon adjacent to the

Jason fault.
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Figure 3.39 Iron carbonate facies: Disseminated galena (gl) and pyrrhotite (po) intergrown
with or replacing ankerite (ank); euhedral pyrite (py) cuts both sulfide and carbonate. Field
of view is 5 mm. Upper horizon, DDH 56A.

Figure 3.40 Iron carbonate facies: Coarse zoned ankerite crystals surround an irregular pod of
fine-grained barian muscovite (white) and coarse sphalerite (black). Growth bands in ankerite
are truncated by corroded margin of ankerite erystal. Transmitted light. Field of view is 15
mm. Lower horizon, DDH 56B.
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Figure 3.41 Iron carbonate facies: Pyrrhotite-galena-sphalerite veinlet (black) cuts medium-
grained ankerite bed; degree of replacement of ankerite by disseminated pyrrhotite and galena

(black) increases towards veinlet. Transmitted light. Field of view is 10 mm. Upper horizon,
DDH 56B.

Figure 3.42 Pyrite facies: Pyrite (white) pseudomorphs of marcasite crystals line a
sphalerite-filled (dark grey) cavity within a massive pyrite bed. Field of view is 10 mm.
Reflected light. Upper horizon, DDH 88.
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Quartz-Sulfide Veinlets

Medium-grained quartz+/-sphalerite, galena, chalcopyrite, pyrrhotite and pyrobitumen
occur within irregular and planar veinlets cutting pyrite beds adjacent to the Jason fault (Fig.

3.21, 3.43).
Carbonate-Quartz-Sulfide Veinlets

Coarse-grained ankerite-quartz-galen# veins form planar to irregular veinlets that cut
ankerite-sulfide beds and siderite beds of the upper and lower horizons (Fig. 3.5). Veins are
commonly zoned, with ankerite-galena centers bordered by quartz, and are commonly
concordant to siderite bedding within the lower horizon. Crosscutting relationships suggest
that the formation of the carbonate-quartz-sulfide veinlets in the lower and upper horizons

postdate the formation of the sulfide veinlets (Fig. 3.21).
Pyrobitumen Veinlets

Pyrobitumen-quartz veins concordant to bedding locally comprise 1 to 5 9% of siderite

beds at the fringe of the iron carbonate facies in the lower horizon.
Quartz Veins

Planar quartz veins similar to those within the distal stratiform body occur within
siliceous strata. Quartz veins cut all other mineralization types. Elongate grains of quartz
perpendicular to vein walls in quartz veins is distinct from quartz in quartz-rich sulfide

veinlets and breccia matrix in the pyrite facies.

Breccia Body

The term “‘breccia body” is used to describe the volume of rock adjacent to the Jason
fault cut by narrow zones of breccia up to 3 m thick. In plan view this aggregate of breccia
zones is elongate parallel to the Jason fault (Fig. 3.44b) and dips steeply to the north
(Devonian orientation), merging at depth with the more shallowly dipping Jason fault (Figs.
3.45, 3.46). Where the upper horizon overlies the breccia body, it is cut by abl;ndant veinlets

(Fig. 3.47). The breccia body also cuts the siliceous siltstones and interbedded pyrite and iron
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Figure 3.43 Pyrite facies: Quartz-sulfide vein cutting massive pyrite bed. Quartz (q), galena
(g), sphalerite (s), chalcopyrite (c), pyrite (p). Reflected light. Field of view is 3mm. Upper
horizon, DDH 88.
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Figure 3.45 Stratigraphic cross-section A-A’ across the trend of the Jason Fault with 6.3X
vertical exaggeration. Heavy black line encloses hydrothermal facies. True scale cross-section
shown in black at base. Location of section indicated on Figure 3.44a.
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Figure 3.46 Stratigraphic cross-section B-B’ of proximal stratiform mineralization and breccia
body along the trend of the Jason fault with 6.3X vertical exaggeration. Heavy black line
encloses hydrothermal facies. True scale cross-section shown in black at base. Location of
section indicated on Figure 3.44a.
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indicated. Heavy black line encloses hydrothermal facies.
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carbonate facies of the lower horizon adjacent to the Jason fault.

The breccias are comprised of centimeter-scale angular fragments of siliceous siltstone
(Fig. 3.48) and lessor fragments of siderite and pyrite beds within a matrix of siderite,
pyrrhotite, pyrite, barian muscovite, quartz and minor sphalerite, chalcopyrite and galena

(Fig. 3.49, 3.50). Siderite, pyrrhotite or pyrite may be the dominant mineral.

The breccia body cuts the stratiform mineralization of the lower horizon and hence
postdates it. Disseminated and vein pyrrhotite +/- chalcopyrite, carbonate-muscovite-sulfide
veins, disseminated muscovite rosettes and sericitized argillaceous beds are abundant adjaéent
to the breccia body in the iron carbonate facies. The compositional similarity of non-
stratiform mineralization (e. g. pyrrhotite, barian muscovite) in the adjacent lower horizon to

the breccia matrix suggests these minerals are related to the formation of the breccia body.

Jason Fault

The Jason fault is interpreted to have been active during the deposition of the
stratiform horizons and was both the source of sedimentary breccias slumped from its
submarine scarp as well as a conduit for rising metalliferous hydrothermal fluids that vented

to form the stratiform horizon (Chap. 2).

The Jason fault is a 0.2 to 3m thick zone of pebble breccia to pebbly mudstone.
Rounded to subangular clasts of siderite veins, argillite clasts veined by siderite, argillite and
siltstone clasts occur ine a matrix of clay and variable amounts éf fine-grained quartz, siderite
and barian muscovite (Fig. 3.51). In the deepest part of the fault intersected by drilling the
matrix is very siliceous and carries up to 5 % disseminated pyrite, pyrrhotite, sphalerite and
galena. Within the intermediate levels of the Jason fault, fine-grained barian muscovite
occurs locally as a massive matrix to the fault. In the shallowest levels the matrix is
unaltered silty mudstone. Disseminated fine-grained pyrite is common throughout the Jason

fault, and exceeds 3 to 5 percent in the upper part of the fault.

Ankerite-siderite-muscovite-chalcopyrite-(pyrite) veins and breccia veins are abundant
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Figure 3.48 Breccia body: Siliceous siltstone fragments within a matrix of siderite-muscovite-
pyrrhotite. Field of view is 3.5 cm. DDH 56A.

Figure 3.49 Breccia body: Vein of coarse-grained siderite-barian muscovite partially replaced
by pyrrhotite (black). Field of view is 3 mm. Transmitted light. DDH 56A.
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Figure 3.50 Breccia body: Fragments of silicified siltstone (medium grey) in matrix of siderite

(grey) and pyrite (white). Rimming of siderite grains by pyrite suggests pyrite postdates

siderite, pyrite pseudomorphs muscovite laths (black) within siltstone fragments. Field of
view is 10 mm. Reflected light. DDH 86.
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Figure 3.51 Jason fault: Clast of fine-grained siderite {medium grey) cut by irregular
siderite-pyrrhotite-chalcopyrite-sphalerite-(pyrite) veinlet within fine-grained argillaceous
quartz matrix (light grey). Clast is partially bound by styolitic surfaces (black). Field of
view is 10mm. Transmitted light. DDH 87.
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within the Jason fault zone as well as in the footwall strata adjacent to the Jason fault (Fig.
3.47). These veins are characterized by a lack of an alteration selvage and are similar to
fragmented veins with the Jason fault. Brecciated fragments of siderite +/- muscovite,

pyrrhotite, sphalerite, chalcopyrite, galena veins occur within the Jason fault (Fig. 3.51) .

STRATIFORM FACIES

The Jason stratiform deposit is composed of two stacked stratiform bodies. The lower
horizon is an oval in plan view (Fig. 3.44e,f), and wedge-shaped in cross-section (Fig. 3.45).

Pb/Pb+Zn ratios decrease rapidly away from the Jason fault.

The upper horizon is irregular in shape but becomes more extensive laterally away from
the Jason fault (Fig. 6). The ﬁpper borizon in more sheet-like and extensive compared to the
lower horizon (Fig. 7). The averaged Pb/Pb+Zn ratio of drill hole intercepts of the upper
horizon decrease away from a maximum adjacent to the Jason fault; they also decrease away
from a lead-rich corridor trending perpendicular to the Jason fault that coincides with the

zone of maximum thickness of the upper horizon.

The two stratiform horizons can be divided into facies with individual facies
characterized by a distinctive association of lamina types. Six stratiform facies are
distinguished and named for their principal mineral constituent(s): pyrite, iron carbonate,

Pb-Zn-Fe sulfide, barite-sulfide, quartz-sulfide and quartz.

Pyrite Facies

The pyrite facies is distinguished by a predominance of pyrite beds (Fig. 3.3) and occurs
immediately adjacent to the Jason fault (Figs. 3.44b, 3.45, 3.46). Lead and zinc grades are
typically low (i. e. %Pb+Zn < 5%) and lead to zinc ratios high (i. e. Pb/Pb+Zn = 0.7 to
0.9). In the upper stratiform horizon, bedé of growth banded and massive pyrite beds 0.5 to
1.5 m thick thin abruptly away from the Jason fault. Pyrite beds are cut by abundant
sulfide, quartz-sulfide and quartz veinlets and quartz breccia. Pyrite beds are interbedded with

beds of the Pb-Zn-Fe sulfide facies and the iron carbonate facies; in the upper zone contacts
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with other hydrothermal facies and terrigenous sediment are sharp while in the lower horizon
adjacent to the breccia body interbedded siliceous siltstone beds are usually replaced by

pyrite (Fig. 3.22).

Iron Carbonate Facies

The iron carbonate facies is dominated by ankerite or siderite beds (Fig. 3.3) and is
characterized by the abundance of non-stratiform textural types. The iron carbonate facies is
texturally and mineralogically diverse because of variations in the abundance of disseminated
minerals, pods and veinlets within the carbonate beds. These include disseminated pyrrhotite
and pyrite; quartz pods; and veinlets of carbonate-muscovite-sulfide, sulfide, carbonate-
quartz-sulfide and pyrobitumen. The iron carbonate facies is characterized by a wide range

of total Pb-+Zn percent (3 to 25%) and very high Pb/Pb+Zn fractions (>0.95) (Fig. 14, 56A).

The iron carbonate facies occﬁrs adjacent to the Jason fault (Figs. 3.44b, 3.45, 3.46,
3.52, 3.53). In the upper horizon it is interbedded with the Pb-Zn-Fe sulfide facies and
interfingers laterally with the pyrite facies, barite facies and quartz-sulfide facies. Sharp
bedding contacts occur with interbedded pyrite facies, Pb-Zn-Fe sulfide facies, and terrigenous
sediments. However, the occurrence of abundant ankerite nodules within interbedded Pb-Zn-
Fe sulfide beds interbedded with iron carbonate beds can cause the contacts between these
two facies to be transitional. The contacts with the barite facies and quartz-sulfide facies are
marked by the replacement of barite, quartz and sulfide by ankerite. In the lower horizon,
the iron carbonate facies is adjacent to and cut by the breccia body. It overlies the pyrite
facies and interfingers laterally with the quartz facies, quartz-sulfide facies, and less

commonly, the barite facies.

The upper horizon is cut by abundant veinlets and non-stratiform minerals where it
overlies the breccia body (Figs. 3.44b, 3.47). In contrast, the lateral fringe of the iron
carbonate facies beyond the extent of the breccia body is characterized by massive to banded
ankerite with only minor veins. Adjacent to the breccia body (Fig. 3.;15, DDH 56B),

disseminated pyrrhotite, and pyrrhotite veins and ankerite-quartz-galena veins are abundant
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within the siderite beds of the l<cv>wer’ horizon. Siltstone interbedded with these siderite beds
are bleached in color and illite grains typical of laterally equivalent siltstones are
recrystallized to coarser barian muscovite. Further from the breccia body siderite beds lack
these sulfides and only pyrobitumen-quartz veins occur. Siltstone beds are siliceous, but show

no other alteration.

Pb-Zn-Fe Sulfide Facies

The Pb-Zn-Fe sulfide facies is composed of massive strata of sphalerite, sphalerite-
galena, galena and galena-pyrite centimeters to meters in thickness. Nodules of quartz or
ankerite up to 10 mm in diameter are common; ankerite pods alone may comprise up to 30 %
of the sulfide beds. It is interbedded along sharp contacts with the pyrite, the iron carbonate
p.nd the barite facies. The Pb-Zn-Fe facies occurs adjacent to the Jason fault in the upper
horizon and is more extensive than the iron carbonate facies (Fig. 3.44b, 3.45, 3.46). Pb-Zn-Fe
sulfide facies beds range from 30 to 45% Pb+Zn. With increasing distance from the Jason
fault, sulfide lamina types are zoned from galena-pyrite to sphalerite-galena to sphalerite (Fig.
3.3). This is reflected by the decrease in Pb/Pb+Zn values from 0.9 near the fault to 0.35 in
the distal-most parts of the facies. Beds of all laminae generally thin away from the Jason

fault. The Pb-Zn-Fe sulfide facies does not occur in the lower horizon.

Barite Facies

The barite facies includes all strata where barite laminae are present. Where present
present, barite laminae are typically the predominant lamina type; lessor sphalerite,
sphalerite-galena, quartz and carbonaceous quartz-pyrite strata are interbedded with the
barite (Fig. 3.3). Disseminated celsian, ankerite and pyrite occur throughout the facies. The
barite facies differs from the quartz-sulfide facies by the presence of barite laminae, the lessor
abundance of laminated carbonaceous quartz beds and framboidal pyrite, and the higher

average Pb/Pb+Zn value.

The barite facies is the most widespread facies within the stratiform horizons. It
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comprises over three quarters of the drilled extent of the upper horizon (Figs. 3.44, 3.46, 3.52,
3.53). Towards the Jason fault, the barite facies interfingers with beds of the quartz-sulfide,
iron carbonate and Pb-Zn-Fe sulfide facies. The contact of the barite facies with the quartz-
sulfide facies is parallel to the 0.1 value contour of Pb/Pb+Zn value (Fig. 3.44c). The barite

facies is overlain and underlain by either the quartz facies or quartz-sulfide facies.

The barite {acies is a much more extensive and homogeneous than those facies occurring
adjacent to the Jason fault. However, within the barite facies the Pb/Pb+ Zn value of drill
intercepts decreases systematically away from the Jason fault and away from a north trending
(with respect to the Devonian orientation) corridor that lies at high angle to the Jason fault

(Fig. 3.44).

Quartz-Sulfide Facies

The occurrence of finely laminated sphalerite, quartz-sphalerite and quartz laminae and
the absence of barite laminae distinguish the quartz-sulfide facies (Fig. 3.3). Organic-rich
_carbonaceous quartz-pyrite laminae comprise 50 to 80% of the strata in the distal part of the
facies; towards the Jason fault these decrease in abundance and disappear. Disseminated
framboidal pyrite, subhedral pyrite, celsian and ankerite/siderite are widespread; quartz
bands are locally abundant. Discordant veinlets are rare. Quartz-sphalerite laminae are

distinctive for their cyclic occurrence.

The quartz-sulfide facies comprises much of the distal pbrtion of the upper stratiform
horizon to the northeast, adjacent to the Jason fault. It interdigitates with the barite facies
to the west and the iron carbonate facies toward the breccia body (Fig. 3.44b, 3.45, 3.52,
3.53). Strata of the quartz-sulfide facies also overlie and underlie the barite facies and in the

lower horizon, the quartz-sulfide facies appears to envelope the barite facies.

Within the strata of the quartz-sulfide facies there is a zoning of organic carbon content,
metal content and metal ratios. Where adjacent to the iron carbonate facies, the quartz-

sulfide facies strata are distinguished by the absence of organic carbon and framboidal pyrite,
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Stratiform Facies

Terrigenous Lithologies

Pyrite Facies
Iron Carbonate Facies N Heterolithic Sedimentary Breccia

Pb-Zn-Fe Sulfide Facies

Barite-Sulfide Facies Thin-bedded Siltstone, earbonaceous
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Figure 3.52 Stratigraphic cross-section C-C’ of distal stratiform mineralization in South zone
area (south limb of Jason syncline) with 6.3X vertical exaggeration. True scale cross-section
shown in black at base. Heavy black line encloses hydrothermal facies. Location of section
indicated on Figure 3.44a.
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Figure 3.58 Stratigraphic cross-section D-D’of distal stratiform mineralization in Main zone

area (north limb of Jason syncline) with 6.3X vertical exaggeration. Heavy black line encloses

hydrothermal facies. Key same as in Figure 3.52. True scale cross-section shown in black at

base. Location of section indicated on Figure 3.44a.
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and have a low total pyrite content. These proximal quartz-sulfide strata average 3 to 7
percent Zn-+Pb with Pb/Pb+Zn values of 0.09 to 0.25. Further from the breccia body the
quartz-sulfide strata is rich in organic matter and has lower Pb/Pb+Zn values (0.03 to 0.08)

though the percent Pb + Zn (2-7%) is similar to more proximal strata.

Quartz Facies

The quartz facies is defined by the presence of siliceous terrigenous sedimentary rocks
and lack of barite or sulfide strata (Fig. 3.3). The quartz facies siliceous siltstone and argillite
strata are similar to siliceous siltstone and argillite beds interbedded with the other stratiform
facies. Typically the siliceous terrigenous strata are associated with abundant disseminated
pyrite, celsian and hyalophane and ankerite/siderite (Fig. 3.28). Within the quartz facies
there is a decrease in pyrite:siderite ratio away from the margins of the stratiform
mineralization (Fig. 3.28).

The quartz facies is primarily a concordant body and forms a 1 to 5 m thick envelope
overlying and 'underlying the barite and quartz-sulfide facies in the distal portion of the
stratiform horizon (Figs. 3.45, 3.46, 3.52, 3.53) and may thicken at the margins of the deposit.
This siliceous envelope is absent adjacent to the iron carbonate and pyrite facies near the
Jason fault. The quartz facies has a discordant aspect within sedimentary breccias lying
between the upper and lower stratiform horizons, a zone that connects the envelopes around

the upper and lower horizons.

GRADED UNITS AND METAL CYCLES

Compositionally and texturally graded laminae and beds are a minor but widespread
component of the stratiform ores. Three different graded units are recognized: sphalerite-
quartz, sulfide-barite, and galena-sphalerite.

Graded quartz-sphalerite laminae up to 1.5 mm thick occur in the quartz-sulfide and

barite sulfide facies; they are composed of faint fine-scale micro-laminae (0.01 to 0.1mm)
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(Fig. 3.8). The thickest and most sphalerite-rich lamina commonly occur at the base of a

cycle and are overlain by thinner alternating sphalerite-rich and quartz-rich quartz-sphalerite

lamina.

The sulfide-barite cycles are comprised of sphalerite-galena laminae successively overlain
by sphalerite-galena-barite laminae and uppermost barite laminae (Fig. 3.26). A cycle is
typically 10 mm thick and occur where the barite facies interfingers with beds of the Pb-

Zn-Fe sulfide facies.

Within the Pb-Zn-Fe sulfide facies, graded units of galena, sphalerite-galena and
sphalerite laminae form bed sets that decrease upwards in thickness and in lead:zine ratio. A
typical graded unit is 0.4 m thick and composed of basal thick-bedded galena and galena-
pyrite beds overlain by beds of sphalerite-galena that thin upwards and increase in sphalerite
content. In the DDH 86A intersection of the upper horizon (Fig. 3.46), 7 stacked graded unit
cycles occur over a 2 m interval; Pb/Pb+Zn decreases upward within each cycle as well as

over the entire interval (Fig. 3.54).

The above descriptions allow the following generalizations to be made about graded
cycles. The compositional and textural grading is characterized by: (a) an upward decrease in
bed thickness within a laminae or bed set; (b) an upward change in the composition of the
laminae that mimics the lateral mineralogical zoning within the stratiform body {e.g. galena
to sphalerite, sulfide to barite, sphalerite to quartz); (¢) laminae or beds that comprise the sets
are typically polyminerallic, and the compositional grading reflects a systematic vertical
change in the proportions of minerals within individual laminae or beds; (d) graded laminae
and bed sets are best developed in the proximal part of the stratiform body; and (e) variation
in the scale of graded units from millimeter scale cycles to meter scale cycles may result from
similar processes but different rates or amounts of sedimentation.

Cyeclic vertical changes, on a scale larger than graded units, also occur in the combined
lead and zinc content and lead:zinc ratio within distal strata (Fig. 3.55). Such metal cycles,

2.5 to 5.0 m thick, occur in both the lower and upper stratiform horizons and are generally
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Figure 3.54 Lithological section of graded units of massive banded sphalerite-galena beds.
DDH 86A- 667.7 669.25 m.
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characterized by gradual upward decrease in %Pb+Zn and Pb/Pb+Zn followed by sharp

decreases in total metal and Pb/Pb+Zn.

In the upper horizon, near the Jason fault, a cyclic repetition of iron carbonate facies
and Pb-Zn-Fe sulfide facies beds occurs (Fig. 3.56). These cycles consist of (1) basal ankerite
beds; (2) overlying Pb-Zn-Fe sulfide ‘beds and (3) uppermost siliceous terrigenous sediment.
Five such cycles ranging from 0.5 to 3 m in thickness comprise the central part of the iron

carbonate facies (DDH 56A).

Metal cycles in the distal stratiform body, described previously, can be correlated with
these iron carbonate:sulfide cycles (Fig. 3.55). Iron carbonate beds are laterally equivalent to
the lead-poor, sulfide-poor bases of metal cycles; Pb-Zn-Fe sulfide facies beds are equivalent

to lead-rich, sulfide-rich beds near the top of cycles.

STRONTIUM ISOTOPIC DATA

A suite of siderite, ankerite and barite samples were collected for strontium isotopic
analysis. These included vein carbonates from the Jason fault, the footwall to the Jason fault,
the breccia body and the proximal lower horizon as well as massive carbonate samples from
beds in the lower and upper horizons. Barite laminae samples were collected to give vertical
and lateral transects through the barite facies. Samples were submitted to Geochron
Laboratories Ltd., Cambridge, Mass. for strontium isotopic analysis. Analysis of standard
NBS-987 before and after analyses of both barites and carbonates averaged 0.71027 +/-
.00003, and no adjustment was made.

The 87Sr/86Sr ratios ranged from 0.7729 to 0.7144 for barite samples and from 0.7137
to 0.7221 for carbonates (Fig. 3.59). Listed in order of decreasing 87Sr/86Sr ratio these
samples are (Fig. 3.58): a)iron carbonates in‘the breccia body and the deep part of the Jason
fault; b)massive proximal iron carbonate beds; c)iron carbonates in the shallow parts of the
Jason fault; d)distal bedded iron carbonates and late carbonate-quartz-sulfide veins and

e)laminated barite.
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SEDIMENTARY ORIGIN OF THE STRATIFORM MINERALIZATION

Data from this study suggest the Jason deposit formed largely by exhalative processes
on the seafloor based on (1) the resedimentation of sulfide beds; (2) the lack of terrigenous
admixture in sulfide and barite strata; (3) the sedimentary character of laminae and beds; (4)
the concordant nature of the stratiform body; (5) the distribution of mineralized veins and

breccias; (6) the intercalation of stratiform minerals with mud-rich sediments.

Resedimented fragments of all hydrothermal strata types except iron carbonate beds are
found. Resedimented textures include: (1) sulfide clasts within sulfide strata (Figs. 3.16,3.10);
(2) terrigenous clasts within beds of sulfide strata (Fig. 3.23); (3) the truncation of stratiform
beds at the top of the upper horizon by erosional surfaces and (4) clasts of stratiform sulfide
within the sedimentary breccia beds overlying the upper horizon (Fig. 3.17). With respect to
(3) and (4), sedimentary breccias both conformably and unconformably overlie the upper
horizon; therefore the amount of downcutting by the sedimentary breccia was small. This

argues for the existence of the stratiform sulfide on the seabottom prior to erosion.

The presence of sharp bedding contacts, stratiform and often planar lamination, lack of
terrigenous admixture within sulfide, barite or iron carbonate strata, compositional and
textural grading in some beds, and the absence of evidence for replacement of a terrigenous
protolith by hydrothermal minerals in the distal parts of the orebody argue for a sedimentary

origin of the bulk of the stratiform bodies.

Siltstone turbidites in the lower horizon are interbedded with beds of Sulﬁde/sulfate
strata; laterally equivalent turbidites outside the ore zone are interbedded with carbonaceous
mudstone that represent hemipelagic sediment. Therefore, the hydrothermal sediments
correlate laterally with hemipelagic matter outside the hydrothermal depocenter. The
laterally extensive (>1000 m) and concordant nature of the stratiform horizons is compatible
with a sedimentary mode of deposition. Except for resedimented veined clasts, veins and
breccias only occur below the top of the upper horizon. The abrupt disappearance of veins at

the top of the upper horizon suggests that the veining and brecciation took place when the
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stratiform ores formed the seabottom.

The only evidence of replacement of terrigenous sedimentary strata by minerals that
also occur in stratiform sssociations occurs adjacent to the breccia body where the breccia
cuts the straéiform ores (e.g. iron carbonate replacement of siltstone beds). The lack of such
replacement elsewhere suggests that the replacement represents alteration or remobilization

associated with the formation of the breccia body.

An alternate model in which the stratiform body formed by the lateral infiltration of
shallow sediments by hydrothermal fluids during diagenesis does not account for (1) the
absence of sulfide and barite within the more permeable siltstone interbeds; and (2) the less
extensive nature of the lower horizon with respect to the upper horizon inspite of being
interbedded with coarser, and likely more permeable, sediments (siltstone turbidites versus
shales). It is unlikely that fluids infiltrating laterally through such low permeability muds

could remain at the same stratigraphic level for over & kilometer.
SEDIMENTATION BELOW A BRINE POOL

Types of Exhalative Environments.

Two end member types of hydrothermal exhalative environment are known within the
modern ocean (Zierenberg, 1983). They are: (1) seawater mixing: hydrothermal precipitation
+/- sedimentation from a buoyant plume discharged into ambient seawater (e.g. 21 N, East

Pacific Rise) and (2) brine pool mixing: hydrothermal precipitation and sedimentation within

a brine pool ponded in a topographic low on the seabottom (e.g. Atlantis II Deep, Red Sea).

Strontium isotope data, stratigraphic relationships and the mineralogy of the deposit can be
used to constrain the character of the exhalative environment during the formation of the

Jason stratiform deposit.

Interpretation of Strontium Isotope Data

The large spread of strontium isotopic ratios in iron carbonates and barite samples from

™
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the Jason sugg%t.that the partial mixing of hydrothermal fluids and seawater took place
during the precipitation of these iron carbonates and barite; listed in order of increasing
degree of mixing with seawater, the setting of these samples are (Figs. 3.58, 3.59): a) the
breccia body and veins within the deep part of the Jason fault; b) massive proximal iron
carbonate beds with or without abundant veins; ¢) veins within the shallower part of the
Jason fault; d) distal bedded carbonate beds and paragenetically late carbonate-quartz-sulfide
veins and e) laminated barite. The apparent homogeneous character of the most radiogenic
carbonates that occur in the fault and breccia body (i. e. 0.07221) suggests precipitation from

a homogeneous and hence unmixed hydrothermal fluid.

Anhydrite precipitated within a seawater-mixing exhalative environment in the modern
ocean show a range of values of 87Sr/86Sr up to the strontium isotopic value of ambient
seawater (Albarede, 1881). This distribution is distinct from the 87Sr/868Sr values of
anhydrite deposited within the present brine pool of the Atlantis II deep which show a

distinct shift from ambient seawater values (Zierenberg and Shanks, in press).

Strontium isotopic ratios for barite samples from the Jason can be compared to these
modern sulfates. The strontium isotopic composition of the ocean has changed with time;
during the Late Devonian the 87Sr/86Sr ratio of seawater was approximately 0.7083 (Burke et
al., 1983). This accords with the 87Sr/86Sr values of 0.7084 from Late Devonian age
stratiform barite deposits in the eastern Yukon (pers. comm., W. Goodfellow, 1986) which are
interpreted to have formed in seawater from the mixing- of seawater with Ba-rich
hydrothenha] fluids. The range of strontium isotopic ratios in barite from the Jason deposit

is very similar to that of the Atlantis II Deep; barite values cluster over a narrow range that
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is distinct from that of Devonian seawater as well as that of the proposed hydrothermal fluid
composition (i. e. 0.7221). Barit; samples show little variation (0.7129 to 0.7144) regardless of
stratigraphic position or lateral position within the barite facies. Thus the barite precipitated
from a homogeneous fluid whose composition varied little in space or time yet was distinct
from Devonian seawater. This suggests that barite precipitated from a well mixed water mass
of composition intermediate between the hydrothermal fluid and seawater, such as a brine

pool.

The broad scatter of strontium isotopic values in carbonate samples (Fig. 3.59) up to
values equivalent to thoses of barite may indicate that the carbonates precipitated during
various stages of subsurface mixing of the hydrothermal fluid with shallow connate fluids, i.e.

Devonian seawater.

Textural Similarity to Modern Brine Pool Sediments

The only occurrence in the modern ocean of actively forming laminated and laterally
extensive hydrothermal sediments similar to those in the Jason deposit occur below the brine
pool of the Atlantis II deep within the axial rift zone of the Red Sea (Bischoff, 1969). These
brine pools are the result of presently active hydrothermal discharge of very saline fluids;
laminated metalliferous sediments extend over a 14 by 5 km area (Backer, 1972). In contrast,
sulfide and sulfate associated with hydrothermal vent areas at 21° N EPR that discharge
directly into seawater are characterized by very locally developed mounds and chimneys of
massive to irregularily banded aggregates and lack laminated sediments (Golvdfarb et al.,

1983).

Stratigraphic Evidence for Bathymetric Control of Hydrothermal Deposition

As topographic lows are commonly noted immediately adjacent to active normal faults
(Wallace, 1978), the occurrence of the Jason stratiform horizons immediately adjacent to an
active synsedimentary fault (Chapter 2) suggests that sedimentation occurred within a

bathymetric low at the base of the fault. The decrease in thickness of the upper horizon
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away from the Jason fault (Fig. 3.45) suggests deposition within a trapdoor-style half graben.
In addition, thickness variatior;s of | the upper horizon (Fig. 3.44d) indicate a trough-like
depocenter parallel to the orientation of lobes of sedimentary breccia that underlie the upper
horizon (Chapter 2) and at high angle to the trend of the Jason fault. Stratigraphic thinning
of the stratiform mineralization coincident with thickening of the underlying sedimentary
breccia beds occurs both near the Jason fault (Fig. 3.45; DDH 56A to DDH 68A) and in the
distal part of the stratiform mineralization (Fig. 3.53; DDH 23 to DDH 24). The bathymetric
relief of these lobes during hydrothermal deposition was likely equivalent to their present
thickness, which near the Jason fault exceeds 20 m. Further away from the Jason fault and
coincident with the thinning of these sedimentary breccia deposits, hydrothermal
sedimentation was more laterally extensive (e.g. Main zone area). These data suggest that
hydrothermal sediments preferentialy accumulated between debris flow lobes within :a
trapdoor style half graben. Such bathymetric control of the distribution of hydrothermal
sediments might be expected from a brine pool that was also confined to this bathymetric

low.

Quartz-Rich Nature of Stratiform Mineralization

Quartz is virtually absent from smokers at 21 N, East Pacific Rise (Haymon and
Kastner, 1981) even though hydrothermal fluids at 350° C are supersaturated with respect to
quartz (Edmond et al., 1982). Thermodynamic modelling suggests that the mixing of these
hydrothermal fluids with seawater does not lead to saturation with respect to amorphous
silica in spite of the thermal quench, because the dilution with seawater offsets the decreasing
solubility of the silica (Janecky and Seyfried, 1984). Kinetic effects impede quartz
precipitation in water masses due to a lack of surface area for quartz nucleation (Rimstidt
and Barnes, 1981) and the silica is dispersed into the water column. In contrast, the lower
brine of the Atlantis II deep is saturated with respect to amorphous silica and is currently

precipitating amorphous silica in the water column (Shanks and Bischoff, 1977); underlying
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metalliferous sediments are rich im amorphous silica (Bischoff, 1969). Precipitation of
amorphous silica is favored in this environment because (a) discharging hydrothermal fluids
mix with brine pool waters that are saturated with respect to amofphous silica rather than
undersaturated seawater and (b) the closed nature of the brine pool circulation prevents the
dispersion of the silica until it precipitates. Thus, there is a marked difference in the
depositional behavior of silica in seawater mixing versus brine pool mixing; quartz-rich
exhalative mineralization such at at Jason suggests deposition within a brine pool

environment.

Formation of a Brine Pool from Hot, Low Density Fluids

The presence of a brine pool requires that the ponded hydrothermal fluids be more
dense than the ambient overlying seawater. However, calculations by Gardner (1985) from
fluid inclusion studies at the Jason deposit indicate that the hydrothermal fluids were less
dense than seawater (0.89 g/cc). This type of submarine discharge would be‘buoyant in
seawater and form a widely dispersed deposit. This contradicts evidence presented above for

the presence of a brine pool during deposition of the Jason mineralization.

An alternate possibility has been provided by recent hydrological modeling. Theoretical
and experimental modeling of the fluid dynamics of hot saline fluids discharged into a
submarine depression indicates that a heated fluid more saline but less dense than seawater
will pool on the seabottom if it mixes upon discharge with a pre-existing brine pool
(McDougall, 1984a,b). This modeling requires that the earliest hydrothermal discharge is
denser than seawater so that a ponded layer forms. Once such a layer is formed it is no
longer necessary for hydrothermal fluids to be more dense than seawater to maintain the brine
pool. A double diffusive interface develops at the top of the brine and fluxes of heat and salts
occur across it. The large ratio of heat to salt flux maintains the high density of the ponded

layer.

An early phase of dense brine discharge might be expected within a submarine

exhalative system because early hydrothermal discharge migrating along a fault conduit at
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shallow depths would be conductively cooled (versus cooling by mixing) by cold wall rock.
Such cooling of a saline fluid wiﬁ create a dense fluid. At Jason there is evidence for an early
period of low‘temperature hydrothermal discharge. The lowest and hence earliest deposited
hydrothermal strata in the upper horizon are thin beds of nodular barite that lack any
associated sulfide mineralization. Sulfide deficient barite deposits in the Macmillan Pass area

are interpreted as the product of hydrothermal fluid discharge at temperatures less than 100°

C, based on mineral assemblages and interpreted mineral solubilities (Lydon et al., 1985).

Comparison to the Atlantis II Brine Pool

If the stratiform ores of the Jason deposit formed below a brine pool, then the Atlantis
II deep provides a modern depositional analogue and can be used to provide insights into: (1)
the hydrodynamics of brine circulation; (2) the mechanisms of precipitation and
sedimentation of the hydrothermal minerals; and (3) the character of hydrothermal sediments.
The lower brine within the stratified Atlantis II deep brine pool is up to 150 m thick and
represents cooled (61.5 C) but undiluted discharge (Craig, 1969) of hydrothermal fluids that
vented at temperatures up to 300 C (Zierenberg, 1983; Pottorf and Barnes, 1984). Upon
discharge through the seafloor into the brine pool, the hot fluids rise buoyantly while mixing
and cooling to temperatures close to the ambient brine pool temperature. At the density
interface at the top of the lower brine mass, the hydrothermal plume is more dense than
fluids in the overlying mixed seawater-brine transition zone and spreads laterally throughout
the entiré Atlantis II basin (Schoell, 1976). Though data are scant, it can be surmised that
sulfides precipitated during quenching are entrained by this rising plume and transported
upwards and laterally. Precipitation of hydrothermal sulfides occurs during mixing in the
subsurface (e.g. chalcopyrite, pyrrhotite, cubanite), during early mixing in the brine pool (e.g.
sphalerite, pyrrhotite, galena) and while mixing with the overlying more oxygenated
transitional brine (e.g. barite) (Shanks and Bischoff, 1977; Pottorf and Barnes, 1983). The
order of precipitation of sulfide phases is controlled by their relative solubilities during the

mixing process; however deposition is controlled by the processes of hydrodynamic dispersion
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and mechanical sedimentation. Laminated and bedded metalliferous muds that occur at the
base of the brine pool are composed of amorphous, poorly crystalline and crystalline silica,
iron montmorillinites, iron hydroxides, sulfides and carbonates (Bischoff, 1968) and are the
result of sedimentation from the overlying brine (Shanks and Bischoff, 1977). Over 90 percent
of the hydrothermal material is less than micron in size; though rare fragments of cubanite-
pyrrhotite up to 30 microns in diameter occur within the sediments must represent subsurface

minerals carried by the discharging fluids to the seafloor (Pottorf and Barnes, 1983). Water

content of the hydrothermal muds exceeds 90 percent by weight (Bischofl, 1969).

The grain size in the bulk of the distal Jason stratiform facies varies from 5 to 40
microns (0.005-0.040 mm). Assuming that the original Jason hydrothermal sediments were
sub-micron particles similar to those of the Red Sea brine pools, the present Jason stratiform
mineralization reflects crystallization and recrystallization during diagenesis and later regional
sub-greenschist grade metamorphism. Therefore the present mineral textures reflect this
diagenetic and metamorphic overprint and some aspects of the primary hydrothermal

sediment have been obscured.

TEMPORAL AND SPATIAL MODEL FOR MINERALIZATION

If the timing of mineral deposition is compared to the timing of terrigenous
sedimentation and secondly to the Mesozoic age deformation, then 3 stages of mineral
deposition can be deduced. Stage 1 mineral deposition ~coincided with terrigenous
sedimentation; Stage 2 postdated terrigenous sedimentation but pre-dated deformation and

largely represents early diagenetic mineral growth and; Stage 3 was synchronous with or

postdated deformation of Mesozoic age.

Paragenesis Within Distal Stratiform Body

Strata types in the distal stratiform body are characterized by xenomorphic granular
aggregates that reflect equilibrium textures formed during diagenetic or metamorphic

recrystallization. The sphalerite, galena, barite and quartz represent the earliest mineralizing
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event (Stage 1) and are interpreted to have formed as sediments synchronously with the
interbedded terrigenous sediments (Fig. 3.60). Framboidal pyrite and some component of the
disseminated euhedral/subhedral pyrite may belong to Stage 1 if they represent crystallization
in the water column as has been noted in the Black Sea. Quartz and pyrite continued to form
after Stage 1; quartz bands, quartz-cemented siltstones and mudstones, and probably most of
the subhedral/euhedral pyrite formed during Stage 2. Disseminated celsian, pyrite, ankerite
and siderite are euhedral in shape and appear to postdate earlier stratiform mineralization or
terrigenous sediments. Planar extension quartz veins in siliceous terrigenous beds likely
formed concurrent with folding and extension of the stratiform deposit on the limb of the

tight Jason syncline during Mesozoic deformation (Stage 3).

Paragenesis In Proximal Stratiform Body, Breccia Body and Fault

In the proximal stratiform body, the bulk of the sphalerite, galena, pyrite, siderite and
ankerite that comprise the hydrothermal strata are Stage 1 minerals. However, there is
abundant replacement of these Stage 1 minerals and various replacement reactions are
evident: sphalerite by chalcopyrite, pyrite by sphalerite and galena, pyrrhotite by pyrite,
siderite by ankerite, and ankerite and siderite by pyrrhotite and galena. This younger
mineralization is interpreted as Stage 2. Irregular nodules of pyrite, quartz and ankerite
formed during Stage 2; the increase in average grain size of Stage 1 minerals towards the

breccia body and Jason fault suggests recrystallization during Stage 2.

A consistent paragenetic order of Stage 2 veinlets occurs within the fault footwall, fault,
breccia body and the proximal stratiform mineralization (Fig. 5b). This paragenesis is: (1)
carbonate veinlets; (2) carbonate-muscovite-sulfide veinlets; (3) sulfide veinlets and associated
pyrrhotite and galena replacement of carbonate; (4) carbonate-quartz-sulfide veinlets. The
early carbonate veinlets (siderite/ankerite) include fine-grained siderite in the Jason fault and

matrix of the breccia body, and also as coarse-grained ankerite veins. Carbonate-muscovite-
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sulfide veinlets change vertically over tens of feet from a medium-grained siderite-muscovite
assemblage at depth (e.g. fault, breccia body) to a fine-grained massive muscovite-ankerite-
sphalerite assemblage at shallower levels. Sulfide veinlets are also vertically zoned from a
chalcopyrite-pyrrhotite assemblage in the breccia body and adjacent lower horizon to
sphalerite-galena-pyrrhotite and pyrite-pyrrhotite in the upper horizon. Disseminated
pyrrhotite + /- galena replacement, quartz rich vein sets and disseminated pyrite replacement
are more abundant within the stratiform mineralization than in the deeper breccia zone or

fault.

Variation in the Depositional Environments: Hydrothermal Facies
Subsurface Environment, Vent Complez

A close genetic tie between hydrothermal fluids that formed the Stage 2 minerals in the
breccia body and veinlets in the stratiform horizon and the hydrothermal fluids that formed
the Stage 1 stratiform horizons is suggested by: (1) the zone of abundant Stage 2 veinlets in
the upper horizon coincides with the extent of and the underlying breccia body as well as
with the highest Pb/Pb+Zn values in the Stage 1 stratiform ores (Fig. 6b); (2) the irregular
and pod-like character of the bulk of the Stage 2 veinlets suggests they formed prior to the
lithification of the strata they cut; and (3) the absence of such Stage 2 veinlets and breccias
within strata overlying the upper stratiform horizon indicating that they formed prior to the
deposition of these overlying sediments; (4) Stage 2 iron carbonate veinlets in the footwall of
the Jason fault have Sr isotopic values identical to those of iron carbonates in the matrix of
the breccia body; and (5) the brecciation of all siderite veins within Jason fault suggests

formation of veins synchronous with fault movement during the Late Devonian (Chapter 2).

The predominant occurrence of Stage 2 discordant mineralization within the proximal
stratiform mineralization as disseminated grains, pods and irregular discontinuous veinlets
indicates that the host ankerite-siderite beds were permeable and unlithified during this

mineralization event. The nodular shape of Stage 2 quartz pods is similar to the texture of
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anhydrite nodules growing within the metalliferous sediments of the Atlantis II deep that are
described by Zierenberg and Shanks (1983). More throughgoing Stage 2 veinlets are only
common later in the paragenetic sequence; this implies that with time a progressive

induration of the vent area sediments occurred.

Widespread metasomatism of the vent area is evident from the abundant pyrrhotite and
galena replacement of iron carbonate and widespread ankerite and quartz growth. Discordant
ankerite and quartz occurs as pods and irregular veinlets of ankerite and pods of quartz
within the massive ankerite or ankerite-galena beds, as pods of ankerite and quartz in Pb-Zn-
Fe facies beds interbedded with the iron carbonate facies beds and as banded beds that
replace adjacent barite facies and quartz-sulfide facies strata at the periphery of the iron
carbonate facies. Massive carbonates cut by abundant ankerite veinlets have very radiogenic
Sr ratios (0.7175-0.7195) which indicate that these carbonates were precipitated largely in the

subsurface prior to the mixing of hydrothermal fluids with brine pool fluids.

The scatter of initial Sr values (0.7221-0.7135) for Stage 2 vein carbonates suggest that
significant mixing occurred between hydrothermal fluids and shallow connate fluids below the
seafloor. The strontium isotopic ratio of ankerite in late stage ankerite-quartz-galena veins is
equivalent to values in iron carbonate and barite strata. This is very suprising and raises the
possibility that convected brine pool fluids may have been the dominant fluid during late

stage vein deposition.

The presence of mineralogical zoning present in Stage 2 veinlet sets may reflect a
subsurface thermal gradient due to subsurface mixing. Stage 2 pyrrhotite+/-galena-
sphalerite-chalcopyrite-pyrite veinlets are zoned from a pyrrhotite-chalcopyrite assemblage in
the breccia body to pyrrhotite in the lower horizon adjacent to the breccia body to
pyrrhotite-galena-sphalerite-chalcopyrite and pyrrhotite-pyrite in the upper horizon. This
pyrrhotite-rich deposition is interpreted to reflect one period of veining that formed during
the deposition of the upper horizon and was superposed on the underlying lower horizon near

the breccia body. The occurrence in a core sample of a pyrrhotite-pyrite vein merging
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upwards with an overlying pyrite bed (Fig. 3.56) is interpreted to indicate that the fluids that
precipitated the pyrrhotite +/- sphalerite-galena-chalcopyrite-pyrite in the subsurface as veins
or as the replacement of carbonate continued upwards and exhaled into seawater to form

massive sulfide beds of pyrite.

Vertical changes also occur in carbonate-muscovite-sulfide veins; muscovite becomes
more abundant and finer-grained upwards. Massive fine-grained clays may reflect rapid
precipitation of neoform ¢lays (McLeod and Stanton, 1984) due to quenching of the

hydrothermal fluids via subsurface mixing.
Iron Carbonate Facies

The origin of siderite or ankerite beds is ambiguous due to their recrystallized and
coarse-grained nature; however they likely are analogies of manganosiderite sediments in the
Atlantis II deep (Pottorf and Barnes, 1983). Iron carbonate beds peripheral to the vent area
are massive in nature, stratiform in character and similar in strontium isotopic composition to
stratiform barite. All of this suggest that iron carbonate was deposited as a sediment on the
seafloor. The very radiogenic character of vent area massive carbonates is likely due to
metasomatism of these early formed carbonate sediments by discharging fluids. The
abundance of discordant mineralization in the central part of the iron carbonate facies in the
upper horizon and its location above the breccia body indicates it was a zone of vertical fluid
flow and discharge into the overlying seawater. Galena-rich carbonate beds in which galena is
interstital to carbonate grains suggests formation as galena-rich carbonate sediments;
subsequent recrystallization and crystal growth of carbonate grains resulted in the interstitial
position of the galena.

Pyrite Facies

The occurrence of the pyrite facies immediately adjacent to the Jason fault in the upper

horizon as well as its massive thick-bedded nature and the abundance of veins and breccias

indicates that it represents part of the vent area for the stratiform body. The sharp contacts

of massive beds with interlayered terrigenous sediments and the abundance of resedimented
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pyrite (Fig. 3.16) indicate pyrite formed as accumulations on the seafloor.

The growth banded and colliform fine-grained pyrite is interpreted to have formed by
precipitation of pyrite and galena from venting fluids within the top of a sulfide mound as has
been described for ocean ridge vent mounds (Goldfarb et al., 1983). Growth band textures
are interpreted to reflect insitu precipitation on a substrate within the sediment pile. These
colliform textures are very similar to fine-grained pyrite-galena-sphalerite intergrowths
illustrated by Eldridge et al. (1983) from the outer margin of Kuroko massive sulfide deposits.
The abundance of veins indicate vertical fluid flow and subsurface precipitation of quartz,
sphalerite, galena and chalcopyrite; the recrystallization of fine-grained pyrite and galena to
medium-grained pyrite associated with these veins suggests prograde metasomatism of earlier,

more peripheral precipitates as has been described for Kuroko deposits (Eldridge et al., 1983).

The absence within the pyrite facies of any iron carbonate veinlets that are so
ubiquitous within the iron carbonate facies suggest that during the formation of the pyrite
vent complex the fluid chemistry was different than during the formation of the iron
carbonate vent complex. The iron carbonate facies is likely the exhalative equivalent of the
early siderite and iron carbonate-muscovite-sulfide veinlet sets. The pyrite facies (+/- Pb-
Zn-Fe sulfide facies) is the exhalative equivalent of the later pyrrhotite +/- phalerite, galena,
chalcopyrite, pyrite vein set. This is supported by the observation that pyrrhotite-pyrite

veinlets cut iron carbonate beds and merge upwards into a massive pyrite bed in core.

The origin of the pyrite facies in the lower horizon is more ambiguous because of the
superposed metasomatism associated with the breccia body. However, the concordance of the
pyritic facies, the occurrence of floating clasts of chert within massive pyrite suggestive of
resedimentation of sulfide an;i general interbedded character of siltstone beds with pyrite are
taken to suggest a sedimentary origin similar to the upper horizon. The local replacement of -

siltstone beds by pyrite (Fig. 3.22) is interpreted to be the result of the reaction of pyritic

sediments with later inflitrating hydrothermal fluids during formation of the breccia body.
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Pb-Zn-Fe Factes

Pb-Zn-Fe sulfide facies beds are interbedded both with vent-related facies and also with
more distal laminated facies. Their thicker bedded and commonly poorly laminated character
suggest formation as a rapidly deposited, proximal sediment (Fig. 3.61). Rapid deposition of
sphalerite and galena likely occurred from either the initial lateral spread of the plume along
the top of the brine pool (Fig. 3.61, 10) or density flow of sphalerite- and galena-rich
bottom-hugging density flows (Figure 3.61, 8) formed by plume collapse (cf., Turner and
Gustafson, 1978). The discontinuous nature of the sphalerite-galena laminae also may reflect
reworking and erosion in a turbulent environment proximal to the hydrothermal vent. The
widespread resedimentation of this facies must indicate deposition on a slope, perhaps of the
fault scarp or the vent mound. Fault activity and high pore water pressures adjacent to the
vent area may have acted as destabilizing forces. The entire ore zone adjacent to parts of the
Jason fault (e.g. DDH 41) are comprised of massive Pb-Zn-Fe sulfide and resedimented Pb-
Zn-Fe sulfide. Pyrite clasts may reflect entrainment and transport of pyritic vein walls by
discharging fluids; such processes have been invoked to explain 100 micron grains of
pyrrhotite within much finer grained hydrothermal sediments in the Atlantis II deep (Pottorf,

1983).

It is unlikely that the coarser-grained nature of the Pb-Zn-Fe sulfide facies with respect
to more distal sediments reflects the sedimentation of coarser grains close to the vent area;
rather, post-depositional recrystallization of sulfides by percolating hydrothermal fluids in the
vent area may have enhanced recrystallization. The consistent average grain size within
beds, the abundance of nodular mineralization and the coarsening of sulfides adjacent to the
quartz and ankerite nodules supports this interpretation. Such widespread recrystallization of
early fine-grained sulfides and barite related to vent proximal prograde hydrothermal activity

that deposited the Kuroko deposits is recognized by Eldridge et al., 1983.
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Figure 3.61 Schematic cross-section of brine pool environment adjacent to the Jason fault
scarp illustrating hydrothermal, sedimentary and hydrographic processes. Representative
processes are numbered: (1) debris flow from Jason scarp; (2) silt-rich turbidity flow, distal
source; (3) ascent of hot metalliferous brine on fault during periods of fault activity; (4)
brecciation of indurated sediments, precipitation of iron carbonates, barian muscovite and
pyrrhotite; (5) lateral infiltration of fluids into adjacent sediments; (6) recrystallization and
replacement of vent complex sediments by iron carbonates and pyrrhotite; (7) venting and
rapid mixing of hydrothermal fluids with ambient brine pool waters causing rapid
precipitation and sedimentation of pyrite and siderite on the vent mound; (8) quenching
causes rapid precipitation of galena and sphalerite, episodic collapse of hydrothermal plume
due to mixing that causes negative buoyancy (cf., Turner and Gustafson, 1978),
sedimentation of galena and sphalerite as graded sulphide beds from turbidity clouds; (9)
bouyant rise of hydrothermal plume to top of brine pool; (10) lateral spread of plume causes
rapid sedimentation of entrained sulfide; (11) diffusion of seawater sulfate into brine pool; (12)
precipitation of barite from mixing of brine pool sulfate and barium in hydrothermal fluid;
(13) exhaustion of barium or sulfate supply, continued precipitation/sedimentation of
sphalerite and minor galena in most distal portion of brine pool; (14) diffusion of silica into
pore waters of sediments causing precipitation of quartz/amorphous silica; (15) diagenetic
formation of pyrite via sulfate-reduction in shallow sediments; (16) diagenetic formation of
iron carbonates due to methanogenesis in sediments; (17) inflow of carbonate-rich connate
fluids (CO2 derived from methanogenesis or thermal maturation of shallow organic matter)
causing precipitation of iron carbonates in vent complex.
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Barite Facies

Sulfur isotope data suggest that the source of sulfate in the barite was Late Devonian
seawater (Gardner, 1983). The distinctly more radiogenic strontium isotopic ratios of barite
as compared to seawater argue that the barite precipitated within the brine pool. The
absence of barite in the vent area is consistent with a lack of barite precipitation prior to
lateral spread of the hydrothermal plume. At the periphery of the vent area, the occurrence
of barite at the top of graded sulfide-barite beds suggests that (1) barite precipitated later
than sulfides in the mixing process of one discharge cycle or (2) that the settling velocity of
barite was less than that of the sulfides. The very finely laminated and planar character of

barite strata suggests deposition below a very quiet watermass.

Very finely laminated hydrothermal sediments in the quartz-sulfide facies are
interbedded with organic-rich laminae. The disappearance of organic-rich laminae towards
the vent area coincides with the appearance of barite laminae (Fig. 3.3) and suggests that the
barite sedimentation rate greatly exceeded the sedimentation of hemipelagic organic matter,
or that organic matter was not stable within the barite facies. Barite laminae occur in the
same position relative to interlaminated sphalerite and quartz-sphalerite laminae as do
laterally equivalent organic-rich laminae in the more distal portions of the deposit; this
textural equivalence of organic matter and barite deposition, and‘ the fact that organic matter
is interpreted to represent a steady-state hemipelagic rain, may suggest that barite deposition
was also steady state and continuous rather than episodic. Given this scenario, a continuous
rain might been punctuated by episodic and rapid bursts of sphalerite, or quartz-sphalerite

deposition.

Interlaminated barite and sulfide is noted in other stratiform Pb-Zn deposits (e.g. Tom,
Cirque, Anvil, Lady Loretta) and is distinct from stratiform deposits with a sulfide-barren
barite body adjacent to a massive sulfide body (e.g. Meggan, Rammelsberg, GDR,
Silvermines). The interlamination of laminae reflecting different redox states is also noted in

the Atlantis II deep where manganosiderite is interlayered with sulfide layers.
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Pottorf (1983) interprets this interbanding to reflect precipitation at the anoxic-oxic interface
at the top of the brine pool. A lc;wering of the interface due to diffusion and mixing results in
reaction of dissolved species from the lower brine with oxidants of the transition zone and
precipitation of manganosiderite. The effect of raising the interface results in precipitation or
more reduced minerals, such as sulfides. In the case of the Jason this would require a sulfate-
bearing ambient seawater and sulfate-depleted brine pool in spite of evidence for regional
anoxia in the Lower Earn ”sea” as argued by Goodfellow and Jonnason (1984). Therefore
such a brine pool characterized by volumetric fluctuation might yield interlaminated barite-
sulfide. In the model described above, sulfide deposition is restricted to the extent Qf the
brine pool while barite could precipitate from a transitional and more extensive water mass
overlying the brine pool. If such a brine pool were stable through time (constant volume) the
result might be massive sulfides juxtaposed laterally against massive barite. The greater
lateral distribution of sulfide versus barite in the Jason deposit is problematic and not

understood; in the Meggan deposit barite flanks the sulfide body.
Quartz-Sulfide Factes

A sedimentary origin for sphalerite and quartz-sphalerite laminae within the quartz-
sulfide facies is suggested by: (1) the occurrence of clasts of these laminae within sedimentary
breccias interbedded with quartz-sulfide beds and in conglomerate lens; and (2) the nature of
asymmetric quartz-sphalerite microlaminae cycles and (3) the finely laminated character.
Laminated carbonaceous quartz-pyrite laminae are interpreteci as hemipelagic deposition
because of the high organic content, association with radiolaria, and low clay content.
Massive carbonaceous quartz-pyrite beds likely represent resedimented muds and siliceous,
organic-rich ocozes based on the presence of floating silt-sized terrigenous clasts. The origin of
the high quartz content of carbonaceous quartz-pyrite beds is ambiguous; though it may
represent the sedimentation of a siliceous ooze, it more likely represents diagenetic

cementation from silica-saturated porewaters immediately below the seabottom (see Quartz

Facies).
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The transition from baritfe strata lacking organic material (barite-sulfide facies) to
carbonaceous strata lacking barite (quartz-sulfide facies) coincides with a marked thinning of
the stratiform body (Figs. 3.46, 3.53). The coincidence of this thinning with the appearance
of a significant abundance of organic, non-hydrothermal, hemipelagic laminae suggest that a
marked decrease in depositional rates was associated with the disappearance of barite
laminae. Organic-rich quartz-sulfide facies strata in the upper horizon occur peripheral to the
barite facies and the depositional trough as defined by greater thickness and greater
Pb/Pb+Zn fraction of the stratiform ores. This trough likely represents the flow path of

brines moving away from the vent area.

Quartz-sphalerite strata proximal to the vent facies are distinct from similar
composition but more distal laminae and are characterized by a greater Pb/Pb+Zn fraction, a
greater thickness of the sphalerite laminae, the presence of laminae cycles, and the absence of
organic matter and framboidal pyrite. These characteristics indicate longer or more rapid
sulfide deposition events than in the more distal organic-rich portion of the facies. The
absence of organic matter may reflect the lack of preservation of organic matter after
deposition due to higher diagenetic temperatures or the swamping of the biogenic input by

rapid hydrothermal deposition.

The rate of organic accumulation in the distal quartz-sulfide facies relative to that in
the laterally equivalent regional strata is unclear. Organic-riqh strata are associated with
some stratiform deposits (e.g. Meggan, McArthur River); increased organic' content may
reflect higher preservation potential in a locally reduced sub-environment, discharge of
organic-rich hydrothermal fluids or locally enhanced biological activity. The content of
organic matter in the metalliferous sediments of the Atlantis II Degp» is similar to that in
sediments outside the brine pool, yet the hydrothermal sedimentation rate greatly exceeds the -
sedimentation rate outside the brine pool indicating greater rates of organic accumulation
within the Atlantis II brine pool than outside it. As the Atlantis II brine pool is abiotic due

to the high salinity and metal concentration of the brine, this higher organic accumulation
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rate is interpreted to reflect the absence of bacterial degradation of organic matter on the
seabottom and during early diagenesis. At Jason, the presence of pyrobitumen in veins in the
subsurface of the vent area indicates transport of organic matter by the hydrothermal
system; organic matter transported in the hydrothermal fluids therefore may have been

deposited as sediment with the other hydrothermal sediments.

Framboidal pyrite may form in the water column as noted in the anoxic watermass of
the Black Sea or during diagenesis within the sediment (Berner, 1972). At Jason, the
exclusive association of framboids with organic-rich chert layers suggest they formed during

diagenesis through the coupled reaction of sulfate reduction and oxidation of organic matter.
Quartz Facies

Quartz occurs as a major or accessory phase in laminae (e.g. quartz-sphalerite laminae)
as well as in veinlets (e.g. carbonate-quartz-sulfide) in the vent complex. However, the great
bulk of the quartz in the ore horizons occurs as silicified terrigenous sediments interbedded
with or enveloping the stratiform body. Apparently the quartz precipitated largely as a
cement within the pore space of quartz-rich terrigenous sediments rather than as a siliceous
sediment in the brine pool. The thinning of beds across a silicification front noted in core
(Chap.2) indicates that this silicification occurred at shallow depths of burial prior to
compaction of the sediments. This high ratio of diagenetic versus sedimentary silica
deposition is also noted in Kuroko ores by Ohmoto and others (1983}, who suggest that the
precipitation of quartz is highly favored within porous sediments rather than seawater due to
the high surface area for quartz nucleation provided by the former. These authors interpret
the tetsusekiei ore (silica + hematite + barite) of the Kuroko deposits as silicified tuffs and
mudstones.

Pore space silicification may result from the diffusion of silica into the pore space of the
shallowest sediment from the overlying silica-saturated brine pool waters. Discordant zones of
silicification may represent lateral infiltration of silica saturated hydrothermal fluids from

zones of discharge.
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ZONATION

If it is accepted that there is quantitative precipitation of metals during venting into a
brine pool, then no zoning would be expected unless some physical segregation process were to
operate. This might be thought to be contradicted by Kuroko deposits which are zoned yet
have been interpreted as exhalative sedimentary deposits; however recent work shows this
zoning is due to subsurface replacement whereby early formed minerals deposited on the
periphery of the vent area are subsequently replaced by minerals in equilibrium with a
thefmally prograding hydrothermal system (Eldridge et al., 1983). However, the Jason and
other stratiform sediment-hosted deposits form via sedimentation of hydrothermal strata that
young upwards, rather than by replacemnt. Therefore, if zoning is observed in this vertical
sequence then one must invoke changes in the character of discharge or invoke physical
processes. In the former case the change in discharge composition can be ruled out because of
the occurrence of fine-graded beds of a mm scale. It is unconceivable that a change in
composition of hydrothermal discharge could occur on such a scale. Also, individual beds are
zoned with respect to Pb/Pb+Zn suggesting segregation processes were operative during

sedimentation.

"At Jason there is evidence for zoning due to two independent mechanisms. There is
zoning within the vent complex formed via replacement of earlier formed minerals that is
*similar to that noted within the Kuroko ores. There is also zoning of the stratiform ores that
is due to physical processes within the brine pool. The superposition of these two zoning

mechanisms results in more complex patterns than in Kuroko deposits.

EVIDENCE FOR GRAVITATIONAL SORTING AS A CONTROL ON
MINERAL DEPOSITION

The tendency for laminae to be dominated by a single mineral in the distal portions of
the deposit, lateral zoning of lead to zinc ratios of the stratiform ores, and the presence of
compositional grading in laminae and beds indicate segregation of differing minerals occurred

during the sedimentation process.
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Strata Dominated by Single Minerals

Most laminae in the stratiform ores have a dominant phase that comprises 70 to 90
percent of the laminae. This monominerallic tendency may reflect either segregation during
sedimentation or later during diagenesis. Some element of diagenetic segregation cannot be
ruled out; however textures interpreted to reflect diagenetic segregation distinguished from
laminae by their coarser grain size and discontinuous nature. Therefore, it is likely that the

monominerallic nature of laminae represents depositional segregation.

Segregation within the brine pool could result from episodic nucleation of different
minerals (Lydon, 1983) or the separation of co-precipitated minerals during suspension fall
due to different settling velocities of different minerals. Modeling by Lydon (1983) indicates
that the co-precipitation of minerals from a hydrothermal fluid undergoing physiochemical
change within a brine pool environment will result in laminae dominated by a single phase as
is outlined below. In order to overcome the energetics of nucleation due to the absence of
seed crystals within the brine pool, the fluid must exceed saturation with respect to a mineral
before precipitation occurs. Therefore, saturation-supersaturation-precipitation cycles will
occur. Precipitation of minerals will be episodic and ‘the amount of precipitation will reflect
the degree of supersaturation achieved prior to precipitation. Sedimentation of a single phase

will result if precipitation events for different minerals happen not to coincide.

Differential settling velocities of minerals may also provide an effective segregation
mechanism. Stokes law states that a sphere of radius, a, and density contrast with the
surrounding fluid, Ap, will settle at a velocity (cm/sec) V, through a fluid of viscosity, u

according to the equation:

2Apga?
9
where g is acceleration due to gravity. The settling velocity is therefore proportional to Ap,

V==

the density contrast of a mineral and the fluid. Assuming a temperature of the brine pool
equal to that of the Atlantis II deep (60° C'), a 2M brine would have a density of 1.05 g/cc.

Therefore the Ap of different minerals would be as follows: galena (6.5), barite (3.4),
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sphalerite (3.0), quartz (1.6). Using 4 = 0.01 poise, g = 980 cm2/sec, and a = 5 microns,
settling velocities of minerals would range from 0.020 cm/sec for sphalerite to 0.036 cm/sec
for galena. Coincidental precipitation of sphalerite and galena of the same grain size would
result in galena-rich sediments overlain by sphalerite-rich sediments. The degree of the
differentiation would be related to the thickness of the fluid that the particles settled through
and the amount of turbulence within that fluid. In a brine pool environment, because fluids
discharged from the vent area buoyantly rise to the top of the brine pool and spread laterally,
particulates settling from this spreading flow would fall through the entire thickness of the

brine pool which in the case of the Atlantis II deep is over 100 m.

Thicker, polyminerallic nature of laminae near the vent ares.

At the Jason, beds and laminae near the vent area are distinctively thicker and less
dominated by a single mineral as compared to laminae in the distal portions of the deposit.
Thicker beds likely reflect higher sedimentation rates. The less segregated nature of minerals
may be related to a shorter settling distance due to sedimentation from the lower part of the
plume, sedimentation from turbulent fluids which prevented sorting, or the co-precipitation of
phases within the steep physiochemical gradients above the vent area. Minerals that
precipitate during the vertical rise of the hydrothermal fluids are prevented from settling by
the vertical flow rate; Solomon and Walshe (1979) calculate that a vertical flow rate of 0.5
cm/sec will prevent the settling of all sulfide particulate matter less than 10 microns in
diameter. In the area of initial lateral spread of the hydrothermal plume a sharp reduction in

the vertical velocity will occur resulting in high rates of sedimentation.

Compositionally and Texturally Graded Units

Within graded units of galena-sphalerite, the vertical change from thick-bedded galena-
rich beds at the base to thinning upward sphalerite-galena beds with increasing sphalerite
content (Fig. 3.54) is similar to the lateral decrease in galena/sphalerite ratio and decrease in

bed thickness away from the vent area that occur on an orebody scale. This comparison
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suggests that the depositional processes at the base of a graded bed are similar to those that
dominate in the proximal area "while the processes controlling deposition in the top of the
graded bed are those that dominate in the distal part of the deposit. Therefore, the base
might represent rapid deposition of the least soluble or heaviest particulates, while the top
represents slower deposition of more soluble or lighter particulates. The proximal portion of
the ore deposit can be viewed as a composite of the bases of depositional events whereas the
distal portion of the deposit is a composite of the tops of depositional events. This is
analogous to turbidity flow deposition where the finer (more soluble, less dense) fraction
bypasses the proximal depositional area, while the proximal depositional area is dominated by

the deposition of coarser-grained (heavier, less soluble) sediments.

Modeling of fluid discharge by Turner and Gustafson (1978) indicates that steady state
discharge can result in pulsatory collapse of the hydrothermal plume; such collapse events
result in dense brine (and particulate) flow away from the vent. Depositional cycles such as
graded galena-sphalerite ore sphalerite-quartz laminae or beds could represent the waning flow
regime of such turbidity flows in which £he massive base represents traction fallout from a
bottom hugging turbidity flow or rapid suspension fallout from a turbulent cloud. Laminae or
beds within cycles may reflect a series of successively waning turbulent pulses within the

turbulent flow event.

TEMPORAL FLUCTUATIONS IN HYDROTHERMAL DISCHARGE

The vertical stratigraphy of the stratiform ores preserves the history of ‘hydrothermal
discharge during the formation of the deposit. Although all components of the sedimentary
record may not be recorded within the sedimentary record, it is at least a partial record. In
the vent area the sedimentary record is metasomatized by venting fluids obscuring some of
the original sedimentary record. The distal part of the deposit reflects deposition from a more ,
mixed hydrothermal fluid and consequently may lack a record of smaller discharge
fluctuations. Therefore, it is considered that the portion of the deposit just distal of the vent

area likely represents the most complete record of the hydrothermal activity. The 87 drill
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hole intersected this part of the deposit.

Vertical changes in the stratiform facies and metal ratios within the Jason stratiform
ores attest to a history of fluctuating hydrothermal discharge (Fig. 3.55). Three metal cycles
can be correlated throughout much of the distal mineralization of the upper stratiform
horizon. Where DDH 87 intersects the barite facies adjacent to the vent area, 2.5 to 5 m
thick cycles are characterized by gradual upward increase in %Pb+Zn and Pb/Pb+Zn value
followed by rapid decrease in both %Pb+Zn and Pb/Pb+Zn. The lower, lead poor, low total
sulfide part of each cycle has a high quartz to barite ratio; the lead-rich, high total sulfide
upper part of each cycle is quartz poor. Each cycle represents early quartz-sphalerite

dominant sedimentation followed by barite deposition and increasing galena deposition.

The deposition of the sulfide facies of the hydrothermal sediments within the Atlantis II
deep brine pool coincidedk with the maximum extent of the brine pool (Backer and Richter,

1973), suggesting sulfide deposition during periods of maximum discharge.

HIGH RATES OF HYDROTHERMAL SEDIMENTATION

Organic matter is not present in most of the stratiform body and only in the very finely
laminated distal ores is much interbedded organic matter present. The appearance of
organic-rich laminae coincides with the disappearance of barite laminae towards the periphery
of the deposit (Fig. 3.3.) suggesting that the cumulative deposition rate of barite, sulfide and
carbonate greatly exceeded and therefore diluted the hemipel.agic biogenic sedimentation.
The calculated hydrothermal sedimentation rate in the Atlantis II deep also greatly exceeds
normal marine sedimentation rates; within the brine pool depositionsl rates are 50 ¢m/1000

years, about 3 times the normal marine sedimentation rate outside the deeps.

DURATION OF HYDROTHERMAL ACTIVITY

The great volume of hydrothermal sedimentary rock in the stratiform horizons requires
the discharge of a large volume of hydrothermal fluid. The lack of hemipelagic sediment

interbedded with the bulk of the stratiform hydrothermal sediments, the active tectonic and
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sedimentological setting, and the high fluid temperatures suggest rapid accumulation rates of
the hydrothermal sediments. In the Atlantis II deep, up to 30 meters of sediments (75 %
water) have accumulated during the past 25,000 years (Hackett and Bischoff, 1973). After
compaction, this would represent an accumulation rate of 7.5 m / 25,000 years or 30 cm /
1000 years. This sedimentation rate is three times the rate of deposition outside the brine
pool. Assuming similar rates of sedimentation, the Jason hydrothermal sediments would have

accumulated in about 150,000 years,

Using the Atlantis II deep sedimentation rates, the deposition of metal cycles 2.5 to 5 m
thick would represent 8,000 to 17,000 years. This concurs with the expectation that the
duration of hydrothermal activity at Jason is intermediate between volcanogenic massive
sulfide deposits (associated with rapidly cooled high-level intrusions) and the very large
tonnage, low grade stratiform mineralization at Howards Pass, Yukon. Using heat flow and
hydrodynamic considerations, Cathles (1983) suggests that Kuroko deposits were deposited in
less than 5000 years and probably in 100 kyears. Based on biostratigraphic evidence,
Goodfellow and Jonnason (in press) suggest that mineralization at Howards Pass spanned a

period from 1 to 3 m.y. in the brine pool (Pottorf and Barnes, 1983).

CONCLUSIONS

The Jason deposit is characterized by its deep marine setting, very active tectonic
environment, high temperature hydrothermal fluids and stratiform ores that overlie and are
adjacent to a paleo-vent area. The data presented in this study of the Jason deposit support
the theory that the Jason deposit formed in a submarine exhalative environment. It is likely
that an exhalative model is appropriate for other sheetlike stratiform deposits formed within
deep marine, siliciclastic basins (e.g. Rammelsberg, Sullivan, Selwyn basin deposits) as
concluded by past workers such as Hannak, 1981; Hamilton et al., 1982; and Goodfellow and

Jonnason, in press.

Lateral infiltration of the hydrothermal fluids into the shallow sediments appears to

have been limited to an area immediately adjacent to the paleo-vent area body and does not
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appear to provide a mechanism to form laminated ores as described by Williams (1978).

The interlamination of barite and sulfide and the relatively greater lateral distribution
of sulfide versus barite at the Jason deposit is characteristic of many Late Devonian age
stratiform sulfide deposits in northwestern Canada. In contrast, coeval deposits elsewhere
either lack barite (e.g. Triumph, Idaho; Lik, Alaska) or barite occurs as massive bodies
peripheral to a massive sulfide body (e.g. Meggan and Rammelsberg, GDR). The former group
of deposits are interpreted to have formed in very reduced watermasses that lacked sulfate as
argued by Forrest (1983); the latter group have features which suggest a layered brine pool in
which barite precipitation occurred in an upper, more oxidized, mixed layer but only
accumulated where that upper brine impinged on the seabottom to form a ‘bath-tub ring’ (R.
Zierenberg, pers. comm. 1986). The limited distribution of barite with respect to sulfide at
Jason might suggest the more rapid depletion of barium or sulfate than zinc or sulfide during
mixing.

Because hydrothermal fluids quench immediately during discharge into a water mass
(Solomon and Walshe, 1979), it is difficult to attribute the well developed zoning of galena
and sphalerite throughout the stratiform ores to the differential solubilities of zinc and lead
complexes. However, the greater settling rate of galena versus sphalerite particulate could
explain the preferential occurrence of galena near the vent area as well as in rapidly deposited
beds at the base of galena-sphalerite cycles. The possibility is proposed that similar metal
zoning in other stratiform deposits (e.g. Sullivan; Hamilton et al., 1983) also may be related

to differential settling rates.

The occurrence of the Jason stratiform ores at the stratigraphic level of the earliest
sedimentary breccias derived from the Jason fault indicates that hydrothermal activity
commenced during earliest fault movement (Chapter 2). The size (thickness and lateral
extent) and abundance of sedimentary breccias increases upwards from the stratigraphic level
of the lower horizon to the thick sedimentary breccia units overlying the upper horizon. The

intimate connection between fault activity and hydrothermal activity would suggest that
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seismic pumping or rupture of overpressured strata by fault movement was likely the

mechanism of hydrothermal discﬁ'arge;

The estimated duration of hydrothermal activity for the formation of the Jason deposit
(" 150,000 years) is much greater than that proposed by Cathles (1983) for the Kuroko
massive Cu-Zn sulfide deposits but significantly less than the 1 to 3 m.y. duration proposed
for the Howards Pass stratiform Pb-Zn deposit (Goodfellow and Jonnason, in press); this
accords with the smaller tonnage, general lack of interbedded hemipelagic sediments, and

active tectonic setting of the Jason deposit with respect to the Howards Pass deposit.

Study of the Jason also provides insight into processes of a submarine hydrothermal
vent area. Mineralization in the vent area was characterized by recrystallization and
replacement of early formed hydrothermal sediments by later formed minerals related to
discharging hydrothermal fluids. The crude spatial zoning of an outer zone of
recrystallization, an intermediate zone of carbonate replacement and an inner pyrrhotite
replacement of carbonate is texturally analogous to the zoned model of increasing
metasomatism toward the core in Kuroko deposits (Eldridge et al., 1983). The general
similarity of Kuroko paleo-vent textures to the Jason vent suggests that common vent
processes existed; however, Kuroko deposits represent direct hydrothermal discharge into
seawater (Ohmoto et al., 1983) and hence they lack a flanking sheet of laminated
hydrothermal sediments resulting from the containment of hydrothermal solutes by a brine
pool. The dispersion of solutes into the water column of seawater exhalative hydrothermal
systems such as the Kuroko deposits in part may explain their much smaller tonnage with

respect to stratiform Pb-Zn deposits.

At the Jason deposit, a link is proposed between sub-seafloor mixing of hydrothermal
fluids prior to exhalative discharge and the abundance of discordant ‘footwall’ mineralization.
La;ge and Finlow Bates (1980) have ascribed the development of footwall mineralization
associated with stratiform deposits to boiling during discharge due to shallow water exhalative

activity. However, study of fluid inclusions in vent complex veins at the Jason deposit
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(Gardner, 1983) did not indicate that boiling occurred. There is also a lack of fluid inclusion
evidence for boiling at the Sil;ermines deposit (Samson and Russell, 1982), yet footwall
discordant veins and disseminations in the footwall of the stratiform bodies is extensive.
Though the data are sparse, there is no documented evidence for boiling during formation of
any stratiform deposit. An alternate possibility is suggested here; the presence or absence of

footwall alteration/mineralization is tied to the structural setting of the discharge zone and

the degree of subsurface mixing and hence mineral precipitation in the vent area.

This study provides the numerous lines of evidence for the formation of the Jason
stratiform deposit within a brine pool environment. The hydrodynamic model of MacDougall
(1984) provides a mechanism for forming brine pools from hot, low density hydrothermal
fluids. This model overcomes the apparent contradiction from fluid inclusion evidence that
suggests that the fluids were less dense than seawater and incapable of forming a brine pool.
This study presents data that early, low temperature discharge preceded higher temperature
discharge as required in the McDougall model for brine pool formation and supports the

validity of the McDougall model for brine pool formation.

If an exhalative origin can be demonstrated for other deposits, this study suggests
several criteria that can be applied to determine whether or not they may have formed within
a brine pool environment: quartz-rich nature, Sr isotopic ratios of stratiform ores that
distinct from coeval seawater, and control of mineral deposition and sediment thickness by
bathymetric features. Strontium isotopic analysis has applic‘ation to the barite- and/or
carbonate-rich stratiform deposits. The use of quartz content as a criteria for formation of
stratiform mineralization within a brine pool has broad potential application because it is a
simple and easily evaluated criteria. The common association of bedded ”chert” with
stratiform Pb-Zn deposits (Large, 1981) argues that many stratiform deposits likely formed
within brine pool environments. Evidence for bathymetric control of the distribution of
stratiform ores can also support a sedimentary origin as has been applied at the Silvermines

deposit (Taylor, 1984).



-199-

REFERENCES

Abbott, G., Structure and stratigrapi;y of the MacMillan fold belt: evidence for Devonian fault-
ing, Dept. Ind. Affairs Northern Development, Open File Rept., 16 p., 16, 1982,

Abbott, J. G., -Geology of the MacMillan Fold Belt 105 O - S.E. and parts of 105 P - S.W. (3
maps 1:50,000 and legend), Open File , 1983.

Abbott, J. G., S. P. Gordey, and D. J. Tempelman-Kluit, Setting of stratiform sediment-hosted
lead-zinc deposits in Yukobn and northeastern British Columbia, C. I. M. M., Spec. Vol,,
Mineral Deposits of the Northern Cordillera, in press.

Albarede, F., A. Michard, J. F. Minster, and G. Michard, 87Sr/86Sr ratios in hydrothermal waters
and deposits from the East Pacific Rise at 21N, Earth and Planetary Science Letters, 55, 229-
236, 1981.

Ansdell, K. M., Fluid inclusion and stable isotope study of the Tom Ba-Pb-Zn deposit, Yukon
Territory, M. Sc. Thesis, University of Alberta, Edmonton, 123 p., 1985.

Badham, J. P. N., Shale-hosted Pb-Zn deposits: products of exhalation of formation waters?,
Trans. Instn. Min. Metall., 90, B70-B76, 1981.

Bailes, R.J., D.W. Blackadar, and B.W. Smee, Stratiform lead-zinc-silver deposits, Jason prospect,
Macmillan Pass, Yukon, Abstracts with programmes, C.LM. Symposium on Mineral deposits of
the northern Cordillera, pp. 16, Whitehorse, 1983.

Bailes, R. J., B. W. Smee, D. W. Blackadar, and H. D. Gardner, Geology of the Jason lead-zinc-
silver deposits, Macmillan Pass, Yukon Territory, in Mineral Deposits of the Northern Cordil-
lera: Canadian Inst. Mining Metall., Spec. Vol., edited by J. Morin, in press.

Barton, P. B., Jr., Some ore textures involving sphalerite from the Furutobe mine, Akita Prefec-
ture, Japan, Mining Geology, 28, 293-300, 1978.

Berner, R. A., Sedimentary pyrite formation , Am. Jour. Sei., 268, 1-23, 1970.

Berry, W. B. N., and P. Wilde, Progressive ventilation of the oceans, Amer. Jour. Seci., 278, 257-
275, 1978.

Bischoff, J. L., Red Sea geothermal brine deposits: their mineralogy, chemistry, and genesis, in



~200-

Hot Brines and Recent Heavy Metal Dcéoaits in the Red Sea, edited by E. T. Degens and D.
A. Ross, pp. 368-401, Springer, 1969.

Blake, M. C., Jr., R. H. Campbell, T. W. Dibble, T. W, Dibble, Jr., D. G. Howell, T. H. Nilsen,
W. R. Normark, J. C. Vedder, and E. A. Silver, Neogene basin formation in relation to
plate-tectonic evolution of the San Andreas fault system, California, Amer. Assoc. Petroleum
Geologists Bull., 62, 344-372, 1978.

Bouma, A. H., Sedimentology of Some Flych Deposits, 168 p., Elsevier, Amsterdam, 1962.

Briggs, R. C., and H. C. Troxell, Effect of Arvin-Techapi earthquake on spring and strean flow,
Calif, Div. Mines Bull. 171,, 81-98, 1955.

Burke, W. H., R. E. Denison, E. A. Hetherington, R.B. Koepnick, H. F. Nelson, and J. B. Otto,
Variation of seawater 87Sr/86Sr throughout Phanerozoic time, Geology, 10, 516-519, 1982,
Carne, R.C., Geological setting and stratiform lead-zinc-barite mineralization, Tom Claims, Yu-

kon Territory, Open File Rept. EGS 1979-4, 30, 1979.

Carne, R. C., and R. J. Cathro, Sediment exhalative (sedex) zinc-lead-silver deposits, norhern
Canadian cordillera, Canadian Mining Metall. Bull.,, 75, 66-78, 1982.

Cathles, L. M., An analysis of the hydrothermal system responsible for massive sulfide deposition
in the Hokuroku basin of Japan, Econ. Geol. Mon. 5, 439-487, 1983.

Craig, H., Geochemistry and origin of Red Sea brines, in Hot Brines and Recent Heavy Metal
Deposits in the Red Sea, edited by E. T. Degens and D. A. Ross, pp. 208-242, Springer, 1969.

Craig, J. R., and D. J. Vaughan, Ore microscopy and ore petrology, 406 p., John Wiley and Sons,
New York, 1981.

Dawson, K.M., and M.J. Orchard, Regional metallogeny of the northern cordillera: Biostratigra-
phy, correlation and metallogenic significance of bedded barite occurrences in eastern Yukon
and western District of Mackenzie, Current Research, Part C, Geological Survey of Canada,
Paper 82 - 1C, pp. 31-38, 1982.

Demaison, G. J., and G. T. Moore, Anoxic enviroments and oil source bed genesis, American As-

soc. Petrol. Geologists Bull., 8, 1179-1209, 1980.



-201~-

Edmond, J. M., K. L. Von Damm, R. E. McDufl, and C. I. Measures, Chemistry of hot springs on
the East Pacific Rise and their effluent dispersal, Nature, 297, 187-191, 1982.

Eisbacher, G., Devonian-Mississippian sinistral transcurrent faulting along the cratonic margin of
western North America: a hypothesis, Geology, 11, 7-10, 1983.

Eldridge, C. S., P. B. Barton, Jr., and H. Ohmoto, Mineral Textures and their bearing on forma-
tion of the Kuroko orebodies, Econ. Geol. Mon. 5, 241-281, 1983.

Fischer, A. G., and M. A. Arthur, Secular variations in the pelagic realm, S.E.P.M. Spec. Pub.,
25, 19-50, 1977.

Forrest, K., Geological and isotopic studies of the Lik deposit and the surrounding mineral dis-
trict, Delong Mountains, western B@h Range, Alaska, Ph. D. Thesis, , University of Min-
nesota, 1983.

Gardner, H. D., Petrologic and geochemical constraints on genesis of the Jason Pb-Zn deposits,
Yukon Territory, M.S. Thesis, , University of Calgary, 1983.

Gardner, H. D., and 1. Hutcheon, Geochemistry, mineralogy and geology of the Jason Pb-Zn depo-
sits, Macmillan Pass, Yukon, Canada, Econ. Geol., 80, 1257-1276, 1985.

Giordano, T. H., and H. L. Barnes, Lead transport in Mississippi Valley-type ore solutions, Econ.
Geol., 76, 2200-2211, 1981.

Goldfarb, M. S., D. R. Converse, H. D. Holland, and J. M. Edmond, The genesis of hot spring
deposits on the East Pacific Rise, 21 N, Econ. Geol. Mon. 5, 184-197, 1983,

Goodfellow, W. D., and 1. R. Jonasson, Ocean stagnation and ventilation defined by 34S secular
trends in pyrite and barite, Selwyn Basin, Yukon, Geology, 12, 583-586, 1984.

Gordey, S. P., Stratigraphy of southeastern Selwyn Basin in the Summit Lake area, Yukon Terri-
tory and Northwest Territories, Current Research, Part a, 13-16, 1979.

Gordey, S. P., Stratigraphy, structure and tectonic evolution of southern Pelly Mountains in the In-
digo Lake area, Yukon Territory, 44p., Geological Survey of Canada, 1981.

Gordey, S. P., J. G. Abbott, and M. J. Orchard, Devono-Mississippian (Earn Group) and younger

strata in east-central Yukon, Geol. Surv. Canade, Paper 82-1B, 93-100, 1982.



-202-

Hackett, J., and J. L. Bischofi, New“dgtg on the stratigraphy, extent , and geologic history of the
Réd Sea geothermal deposits, Econ. Geol., 68, 553-564, 1973.

Hamilton, J. M., D. T. Bishop, H. C. Morris, and O. E. Owens, Geology of the Sullivan orebody,
Kimberley, B. C., Canada, in Precambrian sulfide deposits (H. S. Robinson Memorial
Volume), edited by R. W. Hutchinson, C. D. Spence and J. M. Franklin, pp. 597-625, Geol.
Assoc. Canada Special Paper 25, 1982.

Haymon, R. M., and M. Kastner, Hot spring deposits on the East Pacific Rise at 21 N: prelim-
inary description of mineralogy and genesis, Earth Planet. Sci. Lett., 58, 363-381, 1981.

Henley, R. W., and P. Thornley, Some geothermal aspects of polymetallic massive sulphide for-
mation, Eeon. Geol., v. 714, p. 1600-1612, 1979.

Janecky, D. R., and W. E. Seyfried, Jr., Formation of massive sulfide deposits on oceanic redge
-crests: Incremental reactions models for mixing between hydrothermal solutions and seawa-
ter, Geochim. Cosmochim. Acla, 48, 2723-2738, 1924.

Lambert, 1. B.,, The McArthur zinc-lead-silver deposit: features, metallogensis and comparisons
with some other stratiform ores, in Handbook of stratabound and stratiform ore deposits, edit-
ed by K. H. Wolf, pp. 535-585, Elsevier, Amsterdam, 1976.

Large, D. E., Sediment-hosted submarine exhalative lead-zinc deposits - a review of their geologi-
cal characteristics and genesis, in Handbook of strata-bound and stratiform ore deposits, 9, Re-
gtonal studies abnd, edited by K. H. Woll, pp. 469-507, Elsevier, Amsterdam, 1981.

Lenz, A. C., Ordovician to Devonian history of northern Yukon anci adjacent District of Macken-
zie, Bulletin of Canadian Petroleum Geology, 2, 321-361, 1872.

Lydon, J.W., Chemical parameters controlling the origin and deposition of sediment-hosted strati-
form lead-zinc deposits, in Short Course on sediment-hosted lead-zinc deposits, edited by D. F.
Sangster, pp. 175-250, Mineral. Assoc. Canada, 1983.

Lydon, J. W., W. D. Goodfellow, and 1. R. Jonasson, A general genetic model for stratiform bari-
tic deposits of the Selwyn Basin, Yukon Territory and District of Mackenzie, Current

Rescarch, Part A, Geological Survey of Canada, Paper 85-1A, pp. 651-660, 1985.



-203-

Mahon, W. A. J., G. D. McDowell, and J. B. Finlayson, Carbon dioxide: Its role in geothermal
systems, New Zealand Journal af“Sc:’ei'zcc, 28, 133-148, 1980.

MeDougall, T.IJ., Fluid dynamic implications for massive sulphide deposits of hot saline fluid
flowing into a submarine depression from below, Deep Sea Research, 2, 145-170, 1984,

Morimoto, R., K. Nakamura, Y. Tsuneishi, J. Ossaka, and N. Tsunoda, Landslides in the epicen-
tral area of the Matsushiro earthquake swarm - Their relationship to the earthquake fault,
Bull, Earthq. Res. Inst., 45, 241-263, 1967.

Nardin, T. R., B. D. Edwards, and D. S. Gorsline, Santa Cruz basin, California borderland: Domi-
nance of slope processes in basin sedimentation, SEPM Special Publication, no. 27, 209-221,
1976.

Ohmoto, H., M. Mizukami, S. E. Drummond, C. S. Eldridge, V. Pisutha-Arnond, and T. C.
Lenagh, Chemical processes of Kuroko formation, Economic Geology Monograph 5, pp. 570-
604, 1983.

Parrish, J. T., Upwelling and petroleum and source beds with reference to the Paleozoic, Amer.
Assoc. Petrol. Geologists Bull., 66, 750-774, 1982.

Pottorf, R. J., and H. L. Barnes, Mineralogy, Geochemistry, and Ore genesis of hydrothermal sed-
iments from the Atlantis II deep, Red Sea, in Economic Geology Monograpk 5, edited by H.
Ohmoto and B. J. Skinner, pp. 198-223, 1983.

Revelle, R., and K. O. Emery, Barite concretions from the ocean floor, Geol. Soc. America Bull.,
62, 707-724, 1951.

Rimstidt, J. D, and H. L. Barnes, The kinetics of silica-water reactions, Geochim. et Cosmochim.
Acta, 44, 1683-1699, 1980.

Russell, M. J., Fluid inclusion data from Silvermines base-metal-baryte deposits, Ireland, Inst.
Mining Metallurgy Trans., 92, sec. B,, B67-71, 1983.

Sato, T., Behaviors of ore-forming solutionsin seawater, Mining Geology, 22, 31-42, 1972.

Sawkins, F. J., Ore genesis by episodic dewatering of sedimentary basins: Application to giant

Proterozoic lead-zinc deposits, Geology, 12, 451-454, 1984.



-204~

Schoell, M., and M. Hartmann, Detziiled temperature structure of the hot brines in the Atlantis II
deep area (Red Sea), Marine Geology, 14, 1-14, 1973.

Scotese, C. R.,’ and et al., Paleozoic base maps, Jour. Geol., 87, 217-277, 1979.

Shanks, W. C., III, and J. L. Bischoff, Ore transport and deposition in the Red Sea geothermal
system: a geochemical model, Geochim. Cosmochim. Acta, 41, 1507-1519, 1977,

Sibson, R.H., J. McM. Moore, and A.H. Rankin, Seismic pumping—a hydrothermal fluid transport
mechanism, Geol. Soc. London Jour., 181, 653-659, 1975,

Smith, C. L., Geological setting of Jason and Tom deposits, Macmillan Pass area, Eastern Yukon,
Summary of presentation, Whitehorse Geoscience Forum 1978, 6, 1977.

Smit};, Cl., Sediment-hosted stratiform lead-zinc-silver deposits, in Revolution in the Earth
Sciences- advances in the past half-century, proceeding of a symposium held at Carleton Col-
lege, Northfield, Minnesota, edited by S.J. Boardman, Kendall Hunt Publishing Company,
Dubugque, Iowa, 1983.

Solomon, M., and J. L. Walshe, The formation of massive sulfide deposits on the sea floor, Fcon.
Geol,, 74, 797-813, 1979.

Stanton, R. L., Ore Petrology, 713 p., McGraw-Hill, New York, 1972.

Taylor, S., Structural and paleotopographic controls of lead-zinc mineralization in the Silvermines
orebodies, Republic of Ireland, Econ. Geol., 79, 529-548, 1984.

Teal, P. R., and S. E. Teal, Geology and sedimentary tnterpretetion of the Macmillan Pass area
{Jason and Tom properties), Yukon territory, unpublished campaﬁy report, 35 p., 1978.

Templeman-Kluit, D. J., Transported cataclasite, ophiolite and granodiorite in Yukon: evidence
of arc-continent collision, Geological Survey of Canada Paper 79-14, 27p, 1979.

Turner, J. 8., and L. B. Gustafson, The flow of hot saline solution from vents in the sea floor —
some implications for exhalative massive sulphide and other ore deposits, Econ. Geol., 783,
1082-1100, 1978.

Turner, R. J. W., Geology of the South Zone deposits, Jason proerty, Macmillan Pass area, Yu-

kon, Yukon Ezploration and Geology 1988, 105-114, 1984.



-205~

Wentworth, C. K., A scale of grade and class terms for clastic sediments, Jour. Geol., 90, 377-392,
1922.

Williams, N., Studies of the base-metal sulfide deposits at McArthur River, Northern Territory,
Australia I: The Cooley and Ridge deposits, Econ. Geol., 78, 1005-1056, 1878a.

Winn, R.D., R.J. Bailes, and K.I. Lu, Debris flows, turbidites and lead-zinc sulfides along a De-
vonian submarine fault scarp, Jason prospect, Yukon Territory, in Deep-water clastic sedi-
ments, a core workshop, edited by C.T. Seimers, R.W. Tillman and C.R. Williamson, pp.
396-418, Soc. Econ. Paleontoogists Mineralogists, 1981.

Yoshioka, R., O. Setsuo, and Y. Kitano, Calcium chloride type water discharge from Tatsushiro
area in connection with swarm earthquakes, Geochemical Journal, 4, 61-74, 1970.

Zierenberg, R. A., and W. C. Shanks, II, Isotopic constraints on the origin of the Atlantis Il Deep
metalliferous sediments, and the smectite geothermometer, Geochim. Cosmochim. Acta, (in -
press).

Zierenberg, R. A., and W. C. Shanks, Ill, Mineralogy and geochemistry of epigenetic features in

metalligerous sediment, Atlantis II deep, Red Sea, Econ. Geol.,, 78, 57-72, 1984.





