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Abstract

Schieber, J., 1989. Pyrite mineralization in microbial mats from the mid-Proterozoic Newland Formation, Belt
Supergroup, Montana, U.S.A.. Sediment. Geol., 64: 79-90.

The Mid-Proterozoic Newland Formation, a shale-dominated unit of the Belt Supergroup, was deposited in an
eastern extension of the Belt basin, the Helena embayment. A variety of different shale facies types can be
distinguished. Of particular interest for this study is a shale facies that has been interpreted to be the result of microbial
mat growth (resulting in carbonaceous shale beds) interrupted by storm deposition (causing deposition of graded
silt /mud couplets). Alternation of carbonaceous beds with silt /mud couplets gives these shales a characteristic striped
appearance. Along the basin margins a pyrite-rich sub-facies of these striped shales is found locally, consisting of
laminated pyrite beds that alternate with non-pyritic silt /mud couplets. Laminated pyrite beds in pyritic striped shales
are interpreted as mineralized microbial mats because of wavy-crinkly internal laminae and because of the direct
association with unmineralized striped shales that contain microbial mat deposits. Excess iron in pyritic shale horizons
was probably supplied by terrestrial runoff in colloidal form. Iron hydroxides, introduced by rivers into basin marginal
lagoons, flocculated, and were then incorporated into microbial mats and reduced to pyrite upon burial.

Introduction that are similar to those of the Newland Forma-
tion have been described from Proterozoic shale

Within the Newland Formation shales of a sequences in Australia, and are in places found in

characteristic striped appearance are common.
These striped shales contain deposits of benthic
microbial mats and were described earlier by
Schieber (1986a). A pyrite-rich variant of these
striped shales is described here. These pyritic shales
occur along the margins of the Helena embay-
ment, an eastern extension of the Mid-Proterozoic
Belt basin. The sediment fill of the Helena embay-
ment consists predominantly of rocks of the Lower
Belt Supergroup (Harrison, 1972). Pyritic shales
from the southern Little Belt Mountains (Fig. 1)
were investigated in detail. A brief description of
stratigraphy, sedimentary setting and basin evolu-
tion is given in Schieber (1986b). Pyritic shales
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association with stratiform base-metal mineraliza-
tion (Bennet, 1965; Cotton, 1965; Mathias et al.,
1973; Loudon et al.,, 1975).

A scheme of the stratigraphy of the Helena
embayment is shown in Fig. 2. Belt sedimentation
commenced with deposition of the basal Neihart
Quartzite (Weed, 1899). The Neihart Quartzite
grades upsection into the Chamberlain Shale
(Walcott, 1899) and is in turn overlain by the
Newland Formation. In the southern Little Belt
Mountains the Newland Formation can be sub-
divided (Nelson, 1963) into a lower member
(dolomitic shales) and an upper member (alternat-
ing shale and carbonate packages). A sandstone-
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Fig. 1. Locaticn map. Present-day outline of Belt basin indi-

cated by stinnle pattern The Helena embayment is the eastern

extension of the basin. The arrow and the blackened rectangle
point out the study area in the Little Belt Mountains.

bearing unit is found in the transition between the
upper and lower member of the Newland Forma-
tion, and was informally named the “Newland
Transition Zone” (NTZ) by Schieber (1985). De-
position of the NTZ marks a major regression,
and the Helena embayment changed from a
smooth depression to an east-west-trending half-
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Fig. 2. Stratigraphic overview for the Helena embayment.
Based on data from McMannis (1963), Boyce (1975). and
Schieber (1985).
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graben with active faults along the southern
margin. Pyritic shales of the southern Little Belt
Mountains occur mainly in the upper portion of
the NTZ. Belt sediments in the Little Belt Moun-
tains are unmetamorphosed.

Pyrite in the Newland shales
The occurrence of pyrite

Pyrite occurs throughout the shales of the New-
land Formation (lower and upper member) as tiny
spherical grains or as euhedral crystals (0.001-0.01
mm in size). Spherical and euhedral forms of
pyrite occur together in any given sample. These
pyrite crystals are either scattered irregularly
throughout the rock, or are clustered together as
framboids (0.02-0.25 mm in size), or may form
fine wavy-lenticular pyritic laminae (0.01-0.2 mm
thick). Bundles of such laminae form laminated
pyrite beds. Whereas scattered and framboidal
pyrite is a common minor constituent (up to 4%)
of all the shales in the Newland Formation,
laminated pyrite beds are only found in distinct
horizons of pyritic shale.

Laminated pyrite

Laminated pyrite beds are some millimeters to
several centimeters thick, and are separated by
beds of dolomitic clayey shale (Fig. 3). These
intervening unmineralized beds have in many
places silt at the bottom (may show cross-lamina-
tion, parallel lamination, and graded rhythmites)
that grades upwards into dolomitic clayey shale.
Thus, many of the dolomitic clayey shale beds are
actually silt/mud couplets. Boundaries between
pyritic and non-pyritic beds are always sharp (Fig.
3). The intimate intercalation of beds of different
lithology gives the pyritic shales a striped ap-
pearance (Fig. 3). When viewed in detail, the
laminated pyrite beds have a wavy-anastomosing
texture and individual laminae have a wavy-crinkly
appearance (Figs. 3 and 4). Between the pyritic
laminae lenses and discontinuous laminae occur,
consisting of sediment with variable composition
(mixtures of clay, quartz silt, and fine crystalline
dolomite, see Fig. 5). Shales that are lateral equiv-
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Fig. 3. Drillcore specimen of a pyntic striped shale. Laminated

pyrite beds are indicated by arrows. Note the wavy-crinkly

internal laminations of laminated pyrite beds, and sharp

boundaries to non-pyritic interbeds. A thick storm layer with

pebbles at the base and parallel laminated silt towards the top

is visible in the lower half of the specimen. The scale has
centimeter subdivisions.

alents of the pyritic shales have the same striped
appearance; the only difference is their consider-
ably lower pyrite content. Intervals of “normal”
striped shale are also found interstratified with
packages of pyritic shale, and all types of transi-
tions between highly pyritic and “normal” striped
shale were observed.

Timing of pyrite formation

In most pyrite-bearing sediments it can be
shown that iron sulfides form very early in deposi-
tional history within the first few meters of burial
(Berner, 1970). Dispersed and framboidal pyrite
as observed in the Newland Formation forms in
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modern sediments very early after burial (Sweeney
and Kaplan, 1973). Because in the Newland For-
mation grains of dispersed and framboidal pyrite
are identical in appearance to pyrite grains in
laminated pyrite beds (Fig. 5), it can be reasoned
that pyrite in laminated pyrite beds formed very
early after burial. This conclusion can be sup-
ported with textural evidence from samples of
pyritic striped shale.

Evidence of the very early presence of pyrite in
these sediments is for example furnished by sam-
ples which show soft-sediment deformation of
laminated pyrite beds, such as convolute bedding
(Fig. 6) and load casts caused by overlying con-
glomerate, sandstone and siltstone beds (Fig. 7).
The features shown in Figs. 6 and 7 indicate that
pyrite in laminated pyrite beds was present very
early in the unconsolidated sediment. In some
samples pyritic laminae were broken up, tele-
scoped into each other, and pushed into underly-
ing shale beds (Fig. 8), indicating that pyritic
laminae broke up into plate-like bodies because of
rigid behaviour. Such behaviour might suggest de-
formation and breaking of laminae after consoli-
dation of the sediment. However, careful examina-
tion of Fig. 8 shows that, aside of the rigidly
behaving and telescoped laminae (pointed out in
Fig. 8), most of the pyrite bed has a homoge-
nized /mixed appearance, and that rigidly be-
having pyritic plates were pushed into underlying
shale (Fig. 8). Upwelling of shale adjacent to the
point where rigid pyritic plates were forced down
into the shale bed (Fig. 8) indicates that the un-
derlying sediment was still unconsolidated. On the
same token, the displacement of homogenized
pyritic sediment by upwelling sediment (Fig. 8)
indicates that homogenized portions of the pyritic
bed were equally unconsolidated. Above consider-
ations indicate that pyritic laminae could achieve
rigidity early in burial history while the remaining
sediment was still unconsolidated. Reflected light
microscopy of broken-up pyritic laminae shows a
very high degree of pyritization and coalescing
pyrite grains within these laminae. This observa-
tion suggests that “pyrite cementation” hardened
individual laminae early in burial history and
caused them to behave rigidly in an otherwise still
unconsolidated sediment. Thus, whereas initial



82

Fig. 4. Photomicrograph (reflected light) of a laminated pyrite bed.

Note wavy-anastomosing internal texture and wavy-lenticular

sediment intercalations between pyritic laminae. The scale bar is 0.5 mm long,.

pyrite formation occurred in a completely un-
consolidated sediment (Figs. 6 and 7), further
burial led to “pyrite cementation” and hardening
of strongly pyritic laminae in an otherwise un-
consolidated sediment (Fig. 8) because of con-
tinued diagenetic pyrite growth. These fragile
laminae were then broken up and telescoped in

the event of soft-sediment deformation. Reworked
fragments of hardened pyritic laminae and of
laminated pyrite beds that are found in sandstone
and conglomerate beds (Fig. 9) allow an estimate
of the depth at which hardening of pyritic laminae
occurred. Above sandstones and conglomerates
are found as fills of erosional channels in the

Fig. 5. Photomicrograph (reflected light) of a laminated pyrite bed. It shows that individual pyritic laminae are composed of tiny
pyrite crystals (white). The wavy-lenticular shale drapes between pyritic laminae consist of quartz silt, clay, and dolomite. The scale
bar 1s 0.1 mm long.
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Fig. 6. Convolute bedding caused by soft sediment deforma-
tion in a sample of pyritic striped shale. Pyritic beds are light
coloured. Scale bar is 10 mm long.
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pyritic shale facies, and because these channels are
up to 50 cm deep, pyritization and hardening of
pyritic laminae must have occurred within the
uppermost 50 cm of the sediment. Thus, textural
evidence as well as comparison with modern sedi-
ments suggests that pyrite in pyritic striped shales
of the Newland Formation formed very early in
burial history.

Could the laminated pyrite beds be mineralized
microbial mats?

“Normal” striped shale

A substantial portion of the Newland Forma-
tion is made up of striped shales that consist of
interbedded dolomitic clayey shales and carbona-
ceous silty shales (Fig. 10), and these shales are
the key to understand the origin of the pyntic
shales described above. A detailed study of the
sedimentary features of striped shales in the New-
land Formation has already been published
(Schieber, 1986a). From that study it appears that
the carbonaceous silty shale beds in these strniped
shales are the result of the growth of benthic
microbial mats. The main evidence for a microbial
mat interpretation is summarized in the following
paragraph.

Fig. 7. Photomicrograph (reflected light) of a laminated pyrite bed that is overlain by graded silt /mud couplet. Note the load casts of
silt into underlying pyritic bed. The scale bar is 0.5 mm long,.
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Fig. 8. Photomicrograph (reflected light) from the base of a pyritic bed that has undergone soft sediment deformation. It shows a

diagenctically “pyrite cemented” and hardened pyritic Jamina (arrows 1) that was broken up into plate-like bodies during soft

sediment deformation, and then telescoped and pushed into the still soft underlying shale bed. That the homogenous appearing

portion of the pyritic bed (indicated as H) and the underlying shale were still unconsolidated when the breaking-up of the pyritic

lamina occurred is indicated by upwelling of shale at locations marked with arrows u and the consequent displacement of

homogenous pyritic sediment. Homogenized pyritic sediment is only found at the very base of this pyritic bed, and homogenization
could be a consequence of soft-sediment deformation. Scale bar is 0.5 mm long.

Irregular wavy-crinkly laminae in carbonaceous Sarfati (1976), Horodyski et al. (1977), and
silty shale beds (Fig. 11) resemble stromatolitic Krumbein and Cohen (1974), and are quite unlike
laminae as described by Monty (1976), Bertrand- the typically parallel laminae found in carbona-

Fig. 9. Photomicrograph (reflected light) of a sandstone bed in a pyritic shale horizon. Note the elongate, rigid fragments of pyrite
laminae (white colour) between the sand grains. The scale bar is 0.25 mm long.
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Fig. 10. Drillcore specimen of striped shale from the Newland
Formation. Carbonaceous silty shale beds (microbial mat de-
posits) are dark gray. Note the clast/silt/mud triplet in the
lower half of the specimen. Compare to the storm layer in Fig.

ki

3. The scale has centimeter divisions.

ceous shales that accumulated in stagnant basins.
The observation that carbonaceous silty shale beds
behaved like a tough leathery membrane during
soft-sediment deformation (Schieber, 1986a),
rather than like a soupy organic muck, further
supports a microbial mat interpretation of these
carbonaceous beds. Rolling-up and folding over of
ripped-up fragments of carbonaceous silty shale
beds reveals considerable cohesive strength during
transport and deposition and is further indication
of a microbial mat origin (Schieber, 1986a). Rem-
nants of filamentous bacteria and cyanobacteria
that were identified in these fragments (Horody-
ski, 1980) further support a microbial mat in-
terpretation.

The beds of dolomitic clayey shale were in-
terpreted as storm deposits. Silt layers that are
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commonly found at the base of these shale beds
show a variety of sedimentary structures, such as
cross-lamination, normal grading, and graded
rhythmites (in the transition to the overlying shale).
These silt/mud couplets show great similarity to
modern storm deposits described from the North
Sea (Gadow and Reineck, 1969) and other modern
shelf seas (Allen, 1965; Reineck and Singh, 1972).
The occurrence of hummocky cross-stratified
sandstone beds within striped shales also suggests
that storms played a role in the deposition of these
shales. Recurring deposition of storm layers on
benthic microbial mats was responsible for the
intimate interlayering of carbonaceous silty shales
and dolomitic clayey shales and for the striped
appearance (Fig. 10) of this type of shale facies
(Schieber, 1986a).

Pyritic striped shale

Specimens of pyritic striped shale and “normal”
striped shale are strikingly similar (Figs. 3, 10; cf.
Schieber, 1986a, p. 522), suggesting that they are
of related origin. Additional observations that
indicate a common origin are:

(1) Beds of dolomitic clayey shale with silt at
the bottom (silt/mud couplets) occur in “normal”
as well as in pyritic striped shales (Figs. 7, 11, and
12, and Schieber, 1986a, p. 526), and have the
same sedimentary structures in the silt portion
(cross-lamination, parallel lamination, graded
rhythmites). Sedimentary structures were observed
in polished slabs and in thin section.

(2) Laminated pyrite beds (in pyritic striped
shale) and carbonaceous silty shale beds (in “nor-
mal” striped shale) have the same wavy-
anastomosing internal texture and the same
wavy-crinkly appearance of individual laminae
(Figs. 4, 11, 12 and 13).

(3) Sediment between individual pyritic laminae
consists of lenses and discontinuous laminae of a
mixture of clay, dolomite, and quartz silt (Fig. 5),
and is in every respect identical to shale drapes
and silt-rich lenses that occur between carbona-
ceous silty laminae in carbonaceous silty shale
beds (Fig. 13) of “normal” striped shale.

(4) “Normal” striped shales are the lateral
equivalents of pyritic striped shales, and are also
interbedded with pyritic striped shales.
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Fig. 11. Irregular carbonaceous laminae in carbonaceous silty shale beds. These laminae are considered to be of microbial origin. A
thin silt/mud couplet is indicated by the arrow in the upper half of the photo. The arrow points to the boundary between the silt and
the mud portion of the couplet. The scale bar is 0.5 mm long.

(5) A smooth transition in pyrite content can be
observed, from “normal” carbonaceous silty shale
beds with 1-4 vol.% pyrite (Fig. 14), over beds
with intermediate amounts of pyrite (Fig. 12), to

highly pyritic laminated pyrite beds with as much
as 50 vol.% pyrite (Fig. 4).

Two conclusions can be drawn from these ob-
servations and textural comparisons: (1) carbona-

Fig. 12. Photomicrograph of a sample of pyritic striped shale. The photo was taken under a combination of reflected and transmitted

light. A laminated pyrite bed that consists of approximately 25% pyrite makes up the lower half of the photo. Several pyritic laminae

in that bed are pointed out with arrows, and pyrite grains in these laminae show up as fine white dots. Compare the irregular crinkly

laminae in the laminated pyrite bed with those in the carbonaceous silty shale bed shown in Fig. 11. A thin silt/mud couplet is
pointed out by arrow m (points at boundary between silt and mud). The scale bar is 0.25 mm long.
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Fig. 13. Photomicrograph (transmitted light) of carbonaceous silty shale in striped shales from the Newland Formation. Note the
three textural components: (1) drapes of dolomitic clayey shale (arrow d); (2) carbonaceous silty laminae (arrow c); and (3) tiny
silt-rich lenses (arrow s). Scale bar is 0.1 mm long.

ceous silty laminae in carbonaceous silty shale
beds (in “normal” striped shale) are the direct
equivalents of pyritic laminae in laminated pyrite
beds (pyritic striped shale); (2) pyritic striped
shales are simply a pyrite-rich variety of the striped
shales that are so common in the Newland Forma-
tion. The first conclusion is also supported by the
observation that in “normal” striped shales most
of the pyrite is found in the carbonaceous silty
laminae of carbonaceous silty shale beds (Fig. 14).
Finally, under the assumption that carbonaceous
silty shale beds in “normal” striped shales are
fossil microbial mats (Schieber, 1986a), the tex-
tural equivalency between pyritic and “normal”
striped shales leads to the conclusion that
laminated pyrite beds in pyritic striped shales are
pyrite-mineralized benthic microbial mats.

Origin of pyritic shale horizons

Pyritic shale horizons in the southern Little
Belt Mountains extend laterally for as much as 8
km, may reach up to 60 m thickness, can contain
on the order of 10® tons of iron in pyrite (Schieber,
1987a), and grade laterally into “normal” striped
shales. Even though laminated pyrite beds contain
up to 50% pyrite by volume, averaging over the

whole thickness of a pyritic shale horizon results
in an average iron content of about 10% (calcu-
lated as metallic iron). Of this iron, 75% are
contained in pyrite and the remaining 25% in the
terrigenous clastic component. Thus, even though
the amount of iron in individual pyritic shale
horizons is of the same magnitude as found in
Phanerozoic ironstone deposits (Schieber, 1987a),
the pyritic shales have no economic significance.
The possible source of the iron that accu-
mulated in these pyritic shale horizons was dis-
cussed in detail by Schieber (1987a), and a
summary of pertinent conclusions follows below.
Because of the reducing character of the sediments
below the pyritic shale horizons, it is considered
quite unlikely that iron was mobilized from within
the basin. An alternative model in which iron is
brought into the basin by continental runoff is
clearly feasible (Schieber, 1985, 1987a) and in
accord with the sedimentary history of the basin.
Only very small amounts of iron are needed in the
terrestrial runoff to account for the iron in the
pyritic shale horizons. Considering the oxidation
state of the Mid-Proterozoic atmosphere (Schid-
lowski et al., 1975), iron was probably introduced
into the basin in the form of iron oxyhydroxides.
“Normal” striped shales in the Newland For-
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Fig. 14. Photomicrograph (combined reflected and transmitted
light) of carbonaceous silty shale bed in “normal” striped
shale. Pyrite (tiny white specks) occurs mainly in the carbona-

ceous silty laminae. Arrows I, 2. and 3 point out larger,
spherical pyrite grains, the other arrows point out areas with
abundant small pyrite grains. Scale bar is 0.1 mm long.

mation were deposited subaqueously within reach
of storm waves (Schieber, 1986a, 1987b). In pyritic
shale horizons interbedded sandstones contain
abundant erosion surfaces, erosive channels,
cross-bedding, and variable amounts of intrac-
lasts. These features indicate episodic strong cur-
rents, high-energy events (such as storms), and
fairly shallow-water conditions during deposition
of pyritic striped shales. Stratigraphic and sedi-
mentologic investigations by Schieber (1985) led
to the conclusion that pyritic striped shales accu-
mulated in coastal embayments that were partially
enclosed by offshore sandbars.

Pyrite-rich shales are usually thought to accu-
mulate in quiet water under anoxic conditions, but
such a notion is contradicted by the high-energy

sedimentary features in the interbedded sand-
stones in the case of the pyritic shales of the
Newland Formation. However, in the Proterozoic
strongly reducing shales may have accumulated in
shallow aerated environments in the presence of
benthic microbial mats (Schieber, 1986a). Micro-
bial mats act as an ecological membrane that
causes several environmental parameters, such as
Eh, H,S concentration, dissolved O,, and light
intensity, to undergo abrupt changes at the inter-
face (Bauld, 1981). Below such a mat strongly
reducing conditions can exist despite aerated water
above the mat (Bauld et al., 1980). Similar to their
modern counterparts, benthic microbial mats in
nearshore lagoons of the Newland Formation were
probably sticky and gelatinous (Golubic, 1976).
Iron hydroxides that flocculated in nearshore areas
would eventually become trapped on the mat
surface, and would be transformed into pyrite
after incorporation into the buried reducing layers

fiocculation of

Fe-hydroxides -, . MR N ‘: . H,S
o S N - —
living microbial [ N A ¢t
mat - o
Pyritic Striped D 71 —
Shale = E

mat surtace, filaments trap
Fe-hydroxide floccules

diagenetic pyrite growth

shale drapes
(possibly due to floods)

graded silt/mud couplets
{storm deposits)

laminated pyrite beds

Fig. 15. Proposed formation of pyritic striped shales. Fe-hy-
droxide flocculates are trapped by microbial mat filaments and
converted to pyrite after bunal because of large sulfate reduc-
tion rates below the mat surface. Enlarged portion to the left
(box is approximately 0.5 mm high) shows trapping of Fe-
hydroxides and alternation of Fe-rich (pyritic) mat layers with
shale drapes (consisting of clay, dolomite, and quartz silt, see
also Figs. 4 and 5). The latter may be related to pulses of
sediment that were supplied to nearshore areas during river
floods (Schieber, 1986a). Deposition of silt/mud couplets by
storms interrupted microbial mat growth (enlarged portion to
the right, box is approximately 5 cm high), and new mats were
established on top of storm deposits (see also Figs. 3 and 8).



of the mat. The envisioned scenario for formation
of pyritic striped shales is summarized in Fig. 15.

Conclusion

The pyritic striped shales in the Newland For-
mation are a pyrite-rich variant of the “normal”
striped shales described earlier (Schieber, 1986a}.
Pyrite-rich shale beds are mineralized benthic
microbial mats that accumulated in nearshore
lagoons. Intercalated storm deposits (silt/mud
couplets) give this type of shale its characteristic
striped appearance. Iron was probably supplied to
these shales by riverine colloidal iron oxyhydro-
xides that flocculated in nearshore areas and then
was trapped on microbial mat surfaces. Upon
burial, pyrite formation commenced in the reduc-
ing environment below the mat. Improved under-
standing of this type of pyritic shales could be of
economic importance because similar appearing
Proterozoic shales elsewhere are associated with
stratiform base-metal deposits.
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