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Bacteria as Mediators of Copper Sulfide
Enrichment During Weathering

Richard H. Sillitoe,* Robert L. Folk, Nicolas Saric

Supergene chalcocite enrichment during weathering is an economically vital natural
process that may lead to severalfold increases in the copper content of sulfide deposits.
A scanning electron microscope study of chalcocite (Cu,S) from major enriched copper
deposits in northern Chile revealed myriad bacterioform bodies in original growth posi-
tions near replacement interfaces with remnant hypogene sulfide grains. These minute
(0.03 to 0.2 micrometers) chalcocite bodies are interpreted as fossilized and metallized
nannobacteria that promoted the fixation of mobilized copper ions. Bacterial activity may
thus be a fundamental factor in supergene enrichment of copper deposits.

Many of the world’s major Cu deposits were
formed by supergene enrichment during
weathering. Enrichment took place at and
beneath the ground-water table under reduc-
ing conditions and involved the progressive
replacement of hypogene sulfides, especially
chalcopyrite (CuFeS,) and pyrite, by Cu-
rich sulfides of the chalcocite (Cu,S) group
(1-3). The necessary Cu, supplied by de-
scending acidic solutions at ambient temper-
atures, was obtained by oxidative dissolution
of cupriferous sulfides in the vadose zone
above the ground-water table (Fig. 1). Sul-
fide oxidation is promoted by acidophilic
bacteria, both in the natural environment
and in commercial beneficiation of chalco-
cite and other ores (4, 5), but Cu enrich-
ment typically has been modeled as an abi-
otic process. Here we present results from a
scanning electron microscope (SEM) study
of representative samples of enriched sulfides
from major Cu deposits in northern Chile
that suggest that supergene enrichment, like
sulfide oxidation, is a bacterially mediated
process. Bacteria were shown recently to nu-
cleate placer Au formation (6).

Northern Chile—southern Peru is the
world’s premier Cu province and contains
at least 12 major porphyry-type Cu deposits
that display well-developed zones of super-
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gene enrichment (7); ten of them are or
have been exploited and the other two will
be soon. The enrichment zones, ranging
from 50 to 300 m thick (Fig. 1), were
generated cumulatively as ground-water ta-
bles descended (2, 7) under semiarid cli-
matic conditions during the mid-Tertiary.

Representative samples of supergene en-
riched Cu ores were collected from high-
grade veins in three of the major porphyry-
type deposits mined in northern Chile:
Chuquicamata (8) (Fig. 1), Quebrada
Blanca (9), and El Salvador (10). The sam-
ples, from the uppermost 40 m of the re-
spective enrichment zones, contain mas-
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Fig. 1. Representative section of the Chuquica-
mata porphyry Cu deposit (8), northern Chile, that
shows the position of supergene enrichment.
Symbols: LC, leached capping, which was de-
pleted of Cu by downward-migrating solutions;
OZ, oxidized zone, where Cu was partially fixed as
oxidized minerals, separated by a paleoground-
water table from the enrichment zone (EZS,
strong enrichment zone; EZW, weak enrichment
zone); and HZ, hypogene zone, containing chal-
copyrite, pyrite, and other sulfide minerals.
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sive, steely chalcocite-group minerals,
which are the hallmark of mature enrich-
ment zones. Only small amounts of chal-
copyrite and pyrite are present as unre-
placed remnants in the chalcocite-group
minerals. The samples contain >50% Cu
by weight. The samples represent the latest
stage of the mid-Tertiary enrichment pro-
cess, which, because of its cumulative na-
ture, destroyed the physical evidence for the
earlier stages (3).

Freshly broken pieces of the samples
were etched for 30 min with 10% HCI; this
treatment readily dissolves chalcocite-group
minerals but leaves other sulfides. We did
not saw or polish the samples, as this may
induce the formation of confusing artifacts.
After etching, the samples were mounted
immediately on Al stubs and then were
spray-coated with Au for 40 s. The rapidity
of the treatment precluded contamination
by modern living bacteria.

Nannobacteria are spherical to bean-
shaped objects with typical diameters of
0.05 to 0.2 pm. To identify them positively,

one must use a SEM with a capability of
high resolution to >X50,000, although
most nannobacteria become visible at
X20,000. For overall scanning, we used
chips with an area of 1 cm?. For quantita-
tive counting, we crushed and sieved the
chips into 0.25- to 0.5-mm particles. Grains
and fields were selected randomly at
X1000, then magnification was increased
to X20,000 and the small Energy Dispersive
System screen was used, which covers an
area of 2 pum by 2 pm at this magnification.

SEM examination revealed the presence
of abundant bacterioform bodies ranging in
shape from spherical to beanlike and in size
from 0.03 to 0.2 pm. They are interpreted
as fossilized dwarf forms of bacteria or nan-
nobacteria (11, 12). Nannobacteria are de-
fined on the basis of morphology, and we
are awaiting confirmation of their biologic
origin. The nannobacteria occur in clusters,
just as modern bacteria do, because they
flock to food and multiply geometrically;
adjoining areas are deserted. In single chal-
cocite crystal faces, we found that some

Table 1. Nannobacteria per 4-um? area of chalcocite. Nannobacteria are most abundant in samples

containing remnant grains of chalcopyrite or pyrite.

Number of 4-pm? areas counted

Crushed

n ;ﬁ?g:&gﬁ a 1-cm? piece of Crushed Crushed chalcocite +

chalcocite, chalcocite, chalcocite, chalcopyrite-

Chuquicamata El Salvador Chuguicamata pyrite,
Chuguicamata

0 23 5 20 14
1103 15 5 4 5
41010 5 3 0 1
11 to 31 4 6 1 0
3210 100 3 1 0 1
100 to 310 0 0 0 2
310 to 1000 0 0 0 2

Fig. 2. SEM micrographs of etched supergene chalcocite-group minerals. (A)
The top sheet of the mineral appears to be composed almost entirely of 0.03-
to 0.05-pm nannobacteria, closely packed at left and widely dispersed at
right. The underlying surface shows no evidence of nannobacteria (xX50,000).
Scale bar, 0.1 pm. (B) Chalcopyrite-pyrite remnants protrude and are under
attack by bean-shaped nannobacteria (x15,000). Scale bar, 1 um. (C) Re-
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layers of the mineral were packed solidly
with nannobacteria 0.03 to 0.05 pm in size,
whereas others had no nannobacteria (Fig.
2A). Other samples showed areas of massive
chalcocite that appeared to be composed
entirely of nannobacteria (densities ~1000
per 4 um?), whereas 2-wm polyhedral crys-
tals immediately adjacent had none. The
two domains may represent different min-
erals of the chalcocite group. Our data show
that bacteria are clustered closely along the
replacement fronts between chalcopyrite or
pyrite and chalcocite and are scarce in areas
of chalcocite more than 2 mm from chal-
copyrite or pyrite (Fig. 2B; Table 1). Nan-
nobacteria appear to have bored into chal-
copyrite or pyrite, and removal of the orig-
inal chalcocite by etching revealed along
the contact a coat of nannobacteria 0.1 to
0.2 wm across (Fig. 2C). The bacterioform
texture may have been eliminated by pro-
gressive recrystallization of chalcocite away
from the replacement fronts. Remnant bio-
mass was not detectable in the chalcocite
samples, so our identification of nannobac-
teria is based on the similarity of the sizes,
shapes, and clustering patterns to those of
nannobacteria in carbonate rocks (11). Be-
cause of the small size of the nannobacteria,
we were unable to determine the mineralogy
of specific individuals with the SEM. Pre-
sumably the nannobacteria protrude when
etched because they are surrounded by C
films representing the original cell walls.
Bacteria, especially members of the ge-
nus Bacillus, can concentrate a variety of
metals on their anionic cell walls or, occa-
sionally, within themselves (5, 13). This
process of biosorption has commercial ap-
plications, including the treatment of acid
drainage from abandoned Cu mines (14).
Copper ions supplied in various forms, in-
cluding sulfate solutions comparable to

placement front between chalcocite and chalcopyrite-pyrite, with all the
former etched away. The top surface, covered with scattered nannobacteria,
was the original boundary between chalcocite and chalcopyrite-pyrite; the
vertical surface represented by the darker, lower part of the micrograph is a
fresh break. Nannobacteria appear to have bored into the chalcopyrite-pyrite
(x15,000). Scale bar, 1 pm.



those responsible for supergene enrichment,
may bind to cell walls in large quantities
(15). Therefore, the collection and concen-
tration of Cu ions seem to have been the
most likely function of these putative bac-
teria in the enrichment process. However,
the electron transfer involved in chalcocite
enrichment (16) also may be catalyzed bac-
terially (5). Data on S isotopes (17) and
theoretical modeling (18) show that the S
in supergene chalcocite is inherited from
the hypogene sulfides that it replaced.
Hence, the bacteria cannot be of the type
dedicated to the reduction of sulfate ions
(in the descending solutions) to sulfide.
Microbial fixation of Cu at active replace-
ment fronts between hypogene sulfides and
chalcocite may be a critical kinetic factor in
the enrichment process.

Consequently, climatic or hydrologic
conditions that favor the proliferation of
bacteria may be an important control on
the rate and efficiency of supergene enrich-
ment. Indeed, the hyperarid conditions re-
sponsible for the mid-Miocene cessation of
enrichment in northern Chile-southern
Peru (7, 19) may have been inimical to the
bacterial activity. Most of the enrichment
in northern Chile—southern Peru took place
100 to 300 m beneath the paleosurface (Fig.
1), which is shallow relative to the maxi-
mum recorded depth of ~4 km for subter-
ranean microbial activity (20).
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Oceanic Anoxia and the End Permian
Mass Extinction

Paul B. Wignall and Richard J. Twitchett

Data on rocks from Spitsbergen and the equatorial sections of Italy and Slovenia indicate
that the world’s oceans became anoxic at both low and high paleolatitudes in the Late
Permian. Such conditions may have been responsible for the mass extinction at this time.
This event affected a wide range of shelf depths and extended into shallow water well

above the storm wave base.

The mass extinction at the end of the
Permian marks a serious biotic crisis: both
the marine and terrestrial biota suffered
near annihilation (1). The timing and caus-
es of this event have been uncertain: Se-
quence stratigraphic analysis of numerous
sections have shown that the Permian-Tria-
ssic (P-Tr) boundary straddles an interval of
rapid, global sea-level rise (2, 3). Similarly,
an image of a protracted crisis spread over
the last few million years of the Permian has
been challenged; it may be a considerably
more complex event involving an initial ex-
tinction separated by a period of radiation in
the latest Permian before the wholesale
slaughter at the end of the Permian (4). The
final crisis may have been entirely restricted
to the final one million years of the Permian.

The mechanism of the extinction has
been much debated. The rapid eruption of
the vast Siberian flood basalts was con-
temporary with the extinction, and the
two events have been linked in several
ways (5). Many boundary sections contain
oxygen-restricted facies, which raises the
possibility that marine organisms were
killed by anoxia (2, 6). In this report, we
demonstrate that anoxia occurred in much
shallower water than previously recog-
nized and show that sections of the high-
latitude Boreal oceans were also affected
by the anoxic event.

If anoxic-dysoxic conditions were re-
sponsible for the extinction, then several
factors need to be demonstrated. (i) The
conditions must have been sufficiently
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widespread (6). Most of the evidence for
anoxia has come from equatorial and mid-
southern paleolatitudes of the Tethyan
Ocean. The nature of environmental
changes in the high northerly paleolati-
tudes of the Boreal Ocean has been un-
clear. (ii) Anoxia must have affected areas
of unusually shallow water, the repository
for most marine invertebrate diversity.
(iii) There must be a propinquitious rela-
tion in space and time between extinction
and anoxia.

To answer these questions, we conducted
a sedimentological and ichnological study of
P-Tr boundary sections in Spitsbergen that
lay on the margin of the Boreal Ocean and a
similar study, combined with geochemical
analysis, of the shallow-water, equatorial sec-
tions of western Tethys (northern Italy,
southern Austria and Slovenia).

The P-Tr boundary in Spitsbergen has
traditionally been placed at the contact
between the Permian Kapp Starostin For-
mation, a cherty limestone and shale, and
the shale and sandstone of the Vardebukta
Formation (Griesbachian and Dienerian
stages of the lowermost Triassic). Avail-
able biostratigraphic data are poor, and for
the Kapp Starostin Formation, the carbon
isotope stratigraphy revealed by its con-
stituent brachiopod and coral fauna is the
best guide to its latest Permian (Changx-
ingian Stage) age (7). The Vardebukta
Formation contains sporadic examples of
the ammonoid Otoceras boreale near its
base, and these are joined by the typical
Triassic taxa Ophiceras and Claraia 20 to
30 m above the base (8). Defining the
position of the base of the Triassic is a
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