
19 J Gauthier. A. G Kluge. T Rowe. Clad~si~cs 4 105 
( I  9881 

20 3 .  M 1rv:'n and A C. Wilson n (Z), pp 257-267. 
21. J. A. Lilegra\/en. S. D Thompson, B K McNab. J L 

Patton. B ~ o l  J Llnnean Soc 32 281 (1987). M. B. 
Renfree, in Mesozo~c Dv%ererit~at~on, Mu1:rtbbercu- 
laies lvlonotiemes Early Tiieilans, and Mais~~prals. 
\/oI. 1 of l\4a,n:~ial Phylogeny, F. S Szalay M. J 
Novacek M C McKenna Eds rsprlnger-Verlag. 
New York, 1993), pp 4-20, 

22. A terrnna taxa except the hypotlietlcal ancestor 
were run as a s n g e  poytorny n order to assess the 
monophyly of Ungulatomorpha In Table 1, a lnult- 
state characters were run unordered. a numbered 
states f o o v ~ e d  by a queston mark were run as the 
state indicated those g'ven only as a queston lnark 
were rLln as msslng data The deiaut settngs of the 
branch-and-bound method of PAUP [3. L. Swof- 
ford. PAUP. Phylogeneiic Ai.al!!s~s Using Pars~~iioi.!!, 
Versroi. 3 : rlinois Natural Hlstory Sur~ey. Cham- 
palgn, L .  1993)l were used The results were four 
equally pars~mon~ous trees v6blith a tree length of 67 
steps n whch only the positon of the \/arous non- 
~~ngulatoniorptis changed. thus the strct consensus 
tree n Fig. 1 The measures for each tree were as 
follows~ (;)consistency Index = 0.701 (11 homopasy 
Index = 0 582: r i )  retenton ndex = 0.773: and ri\/l 
rescaed consstency Index = 0 542, I ran a second 
anayss, using the heurstic method to determine the 
shortest tree, that d d  not hold Unguatomorpha as 
rnonophylet~c. The run yeded 2047 equally parsi- 
monous trees each of 69 steps The measures for 
each of these trees ?yere as follows (I) conslste~icy 
Index = 0.681. ri) holnoplasy index = 0 594: ( I )  
retenton Index = 0 750, and rv) rescaed conssten- 
cy Index = 0.51 1 

23. P 3 .  Singerich D. P Domning, C E Blane, M. D 
Uhen. Contrrb. Mus Paleontol il,~ lvlrch 29, il 
11 99 i l  

2 i  Upper dentton characters and character states for 
taxa shown n Table 1 and used n the phylogenet~c 
analysis n Fg. 1 are as follows: Prmtive or ancestral 
state = 0, derived = 1 to 3 and lnlsslng = 7 
7Metaconule reduced. "Usually only four prelnoars 
at lnost ;'Has only three premolars Characters are 
as follows: (a1 Amount of anteroposterior expanson 
of protocone none 101. sgh t  ( l ) ,  moderate r2), sub- 
stanta (3). rb) Amount of a b a  shift of protocone 
none (01 moderate (11 substantial (21 rc) Postpara- 
conular and premetaconular cristae' strong and 
wingke (0) weak or absent (1 1, rd) Metacinguurn. 
forlned only of the postmetaconue crista and termi- 
nates dorsal of postrnetacrlsta, which IS continuous 
wlth the metastylar lobe rO), forrned of the post- 
meiacon~~le crista continuing on to the metastylar 
lobe (1) re) Styar shelf: wide (01, narrow (1). rf; Num- 
ber of cuspues n parastyar regon one 101, two (1). 
(gl Pre- and p o s t c n g ~ ~ a :  do not have or tiave only a 
hnt  of cngua  (0) c n g ~ ~ l a  do not reach or extend 
below the conues 11 1, c ngua  reach or extend be lo?^ 
the conules (21, ih) Height and size of pa ra  and 
metacone: paracone hgher and larger (0)  cusps of 
smiar tieight and sze ( I )  (I) Metacone or metaconal 
swelling on PVor  ultimate upper pre~nolar), absent 
i01, present 11) (1) Nurnber of pre~nolars, flve (0). four 
or fewer ( I ) .  rkl Shape of molar crown in occlusal 
vle?v triangular (0). trapezoidal ( I )  subrectangular 
12) rectangular (3) (I)  Constrcton of crown through 
conular regon wlthout or wthout cingua present: no 
constrction and no cngua  101: marked constrction 
and wlth cngua  ( I ) ,  sllght constrcton and with c n -  
gula (21, no constr~ct~on wlth c lng~~la  (3). (m) Ecto- 
flexus. deep (0) shallow ( I ) ,  none (2) (n) M' I~nguo- 
labla width relati\!e i o  other molars: not rnarkedly 
narrowed (0). markedly narrowed (1). (0) Parastyar 
groove w e  developed (01, very reduced or absent 
(1 1. (p) Base of paracone and metacone merged 101. 
separate (1) rql Dlstance between paracone or 
metacone and protocone re ati\/e to total anterior or 
posrerioi w~dth, respect~vely: between i 5  and 55C/j 
of crown ?vdtti lo), more than 55% of crown wldth 
(11, less than 4sCc of crown wldth (2). (r) Position of 
conues respecally paraconue) reatve to paracone 
and metacone versus protocone conues c oser to 
md-position (O), conues closer to protocone than to 
the mid-position (1) 

25 Z. Kielan-Jaworo?vska T M Bown. J A Liegraven, 
n Mesoroc Mammals The First ?,//o-T~:iias O! 

Mam~ia l~an H~stor!!. J A Llegra\~en Z. Klelan-Ja- 
worowska. W. A Cernens. Eds (Unih~, of Caiforna 
Press Berkeley 19781, pp. 99-149. 

26 L A. Nessov, Ti. Zoo1 Inst. Ross Akaa. ikabk SSSR 
249. 105 (1 993). 

27 R L. Carroll. !/efleb~-aie Paleon:olo_a!/ and Evolut~on 
(Freernan. Ne?v York. 1988). 

28, I thank L A. Nesso!~. 0 I Tsxuk. and B G. Vereten- 
niko'! for help n the fleld; 3 .  A Azlmov and 0 I 
Tsaruk for ogistlca support while n Uzbekistan for 
the 1994 fleld season, A Berta R Etherldge. Z. 

Kiean-Jaworowska, and J. A Liegraven for helpful 
comments. J H. Hutchison. R. C. Fox. W A. Clem- 
ens, and R L. C f e l  for casts or the loan of Inaterial 
and L. A Nessov and Z. Kiean-Jaworowskafor pho- 
tographs n Fg.  2, A through D G, and F, I am 
especaly grateful to the late L A Nessov, without 
whose pioneerng fieldwork and earler studes t hs  
anayss would not hawe been possbe. The 1991 
fled season and preparaton of t hs  lnanuscript ?yere 
supported by the Natona Geographc Society rL. A 
Nessov and J.D.A) 
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Bacteria as Mediators of Copper Sulfide 
Enrichment During Weathering 

Richard H. Sillitoe,* Robert L. Folk, Nicolhs 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. 

M a n y  of the ~vorlci's major C u  depos~ts were 
for~ned by supergene e ~ ~ r i c h ~ n e n t  Juring 
\veatherini.. Enr~clnnent took olace at and 
beneath the groun~i-water table under reduc- 
ing conditions and i n ~ o l \ ~ e d  the nrovressive 
replacement of hypoge~le sulfides, especially 
chalcopyrite (CuFeS,) a n J  pyrite, by CLI- 
r ~ c l l  sulf~des of the chalcocite (Cu2S)  group 
(1-3). T h e  necessary CLI, supplied by de- 
sceniii~lo acidic sohltions at a ~ n b l e ~ l t  temaer- 
atures, was ohtamed by oxidative Jissoh~tion 
of cupriferous sulfides in the ~ a d o s e  zone 
a l~ove the gro~~nLi-nater  table (Fig. 1).  Su1- 
fiiie oxidation is promoteii by ac i~ ioph i l~ i  
bacteria, both in the nat~lral  e n ~ i r o n m e n t  
and in co~nlnerc~al  beneflclation of chalco- 
clte and other ores (4,  5), hut CLI enrich- 
ment tyL~ically has been modeled as a n  abi- 
otic process. Here \ye present results fro111 a 
scanning electro~l ~nicroscope (SEhl) study 
of representative samples of enriched sulfiLies 
from major CLI deposlts in  northern Chile 
that suggest that supergene enrichment, like 
sulfide oxidation, is a bacterially rnediateil 
process. Bacteria were shown recentlv to nu- 
cleate placer ALL fo r~na t io~ l  (6).  

Northern Chile-southern Peru is the 
~vorld's premier CLI province and contaills 
at least 12 major porphyry-type CLI deposits 
that display well-developed zones of super- 

R H S l t oe ,  27 West H I  Park Highgate Vlage Lonclon 
N6 6N3 UK 
R. L Folk, Department of Geolog~cal Scences Un\/ersty 
of Texas Austin, TX 78712, USA. 
N Sarlc. Sociedad Minera Pudahue S. A,, Avenida 
Rlcardo Lyon 527, Santlago C h e .  

'To whorn correspondence should be addressed 

gene enrlcll~nent (7 ) ;  tell of them are or 
haye heen exploiteii and the other two will 
be soon. T h e  enrichment zones, ranging 
from 50 to 3C0 111 thiclc (Fig. l ) ,  xvere 
generated cumulatively as ground-water ta- 
bles descendeil ( 2 ,  7 )  under semiarid ell- 
~ n a t i c  conditions J u r ~ n g  the  mid-Tertiary. 

Representatwe sa~nples of supergene en- 
riched CLI ores were collected from high- 
grade yeills in  three of the lnajor posphyry- 
type clepoaits ~nlnei i  111 northern Chile: 
Chuquicamata (8) (Fig. I ) ,  Quehrada 
Blanca 19). a ~ l d  El Salvador ilL?). T h e  sam- ~, , , 

ples, from the upperlnost 4C m of the re- 
spective enrichment zones, contain mas- 

Distance (m) 

Fig. 1. Represeniatlve secilon of the Chuquca- 
mata porphyry Cu deposit (81, northern Chile. that 
shows the posltlon of supergene enrlchment. 
Symbols: LC, leached capplng, which was de- 
pleted of Cu by downward-mgratng solutons; 
OZ, oxdzed zone, where Cu was partially flxed as 
oxldzed Inineras, separated by a paleoground- 
water table from the enrlchment zone (EZS, 
strong enrlchment zone; EZW, weak enrlchment 
zone); and HZ, hypogene zone, coniainlng chal- 
copyrlte, pyrlte, and other sulflde mneras. 
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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% HCl; 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 A1 stubs and then were 
spray-coated with Au for 40 s. The rapidity 
of the treatment precluded contamination 
by modem living bacteria. 

Nannobacteria are s~herical 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 cm2. 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 
x 1000, then magnification was increased 
to X 20,000 and the small Energy Dispersive 
System screen was used, which covers an 
area of 2 Fm 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 Fm. They are interpreted 
as fossilized dwarf forms of bacteria or nan- 
nobacteria (1 1, 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 modem 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-pm2 area of chalcocite. Nannobacteria are most abundant in samples 
containing remnant grains of chalcopyrite or pyrite. 

Number of 4-pm2 areas counted 

Number of Crushed 
nannobacteria 1 -cm2 piece of Crushed Crushed chalcocite + 

chalcocite, chalcocite, chalcocite, chalcopyrite- 
Chuquicamata El Salvador Chuquicamata pyrite, 

Chuquicamata 

layers of the mineral were packed solidly 
with nannobacteria 0.03 to 0.05 um in size. 
whereas others had no nannobacteria (Fig. 
2A). Other sam~les showed areas of massive 
chalcocite that appeared to be composed 
entirely of nannobacteria (densities -1000 
per 4 Frn2), whereas 2-pm 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 closelv alone the 

u 

replacement fronts between chalcopyrite or 
~vr i t e  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 Fm 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 (I 1 ). Be- 
cause of the small size of the nannobacteria. 
we were unable to determine the mineralogy 
of s~ecific 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 varietv 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 

Fig. 2. SEM micrographs of etched supergene chalcocite-group minerals. (A) placement front between chalcocite and chalcopyrite-pyrite, with all the 
The top sheet of the mineral appears to be composed almost entirely of 0.03- former etched away. The top surface, covered with scattered nannobacteria, 
to 0.05-pm nannobacteria, closely packed at left and widely dispersed at was the original boundary between chalcocite and chalcopyrite-pyrite; the 
right. The underlying surface shows no evidence of nannobacteria (X50,OOO). vertical surface represented by the darker, lower part of the micrograph is a 
Scale bar, 0.1 pm. (B) Chalcopyrite-pyrite remnants protrude and are under fresh break. Nannobacteria appear to have bored into the chalcopyrite-pyrite 
attack by bean-shaped nannobacteria (x15,OOO). Scale bar, 1 pm. (C) Re- (x15,OOO). Scale bar, 1 pm. 
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those responsible for supergene enrichment, 
may bind to cell walls in large quantities 
11 5) .  Therefore, the  collection and concen- ~, 

tration of CLI ions seem to have been the  
most likely f~lnct ion of these putati\,e bac- 
teria in the  enrichment process. However, 
the electron transfer involved in chalcocite 
enrichment ( 1  6 )  also may be catalyzed bac- 
terially (5). Data o n  S isotopes (17) and 
theoretical modeling ( l a )  show that the  S 
in supergene chalcocite is inherited from 
the  hypogene sulfides that it replaced. 
Hence, the bacteria cannot be of the  tvne , 
dedicated to the  reduction of sulfate ions 
( in  the descending solutions) to sulfide. 
hlicrohial fixation of CLI at active reolace- 
ment fronts betlveen 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 a n  important control o n  
the  rate and efficiency of supergene enrich- 
ment.  Indeed, the  hvoerarid conditions re- , L 
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. 
I ) ,  which is shallo~v relative to the  maxi- 
Inurn recorded depth of -4 k111 for suhter- 
ranean microbial activity (2C). 
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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. 

T h e  mass extinction at the  end of the  
Permian marks a serious biotic crisis: both 
the  marine and terrestrial biota suffered 
near annihilation ( 1  ) .  T h e  timing and caus- 
es of this event have been uncertain: Se- 
quence stratigraphic analysis of numerous 
sections have sho~vn  that the Pennian-Tria- 
ssic (P-Tr) b o ~ ~ n d a r y  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 Permiall has 
been challenged; it may he a considerably 
more complex event involving an initial ex- 
tinction separated by a period of radiation in 
the latest Permian before the ~vholesale 
slaughter at the end of the Pernlian (4). T h e  
final crisis may have been entirely restricted 
to the final one million years of the Permian. 

T h e  lnechanis~n of the  extinction has 
been much debated. T h e  rapid eruption of 
the  vast Siberian flooil hasalts 14-as co11- 
temporary with the  extinction, and t h e  
two events have been linked in  several 
ways (5 ) .  hlany boundary sections contain 
oxygen-restricted facies, ~ v h i c h  raises the  
possibility that  marine organis11ls lvere 
killed by anoxia ( 2 ,  6) .  I n  this report, ~ v e  
delnonstrate that  anoxia occurred in  much 
shallower ~va te r  t h a n  previously recog- 
nized and s h o ~ v  that  sections of the  high- 
latitude Boreal oceans \\-ere also affected 
by the  anoxic event.  

If anoxic-dysoxic conditions were re- 
sponsible for the extinction, then several 
factors need to be Liemonstrateil. ( i )  T h e  
conditions must have heen sufficie~ltly 

m-idespreail ( 6 ) .  hlost of the  evidence for 
anoxia has collie from eiluatorial and mid- 
southern paleolatitudes of the  Tethyan 
Ocean.  T h e  nature of environmental 
changes in the  high northerly paleolati- 
tudes of the  Boreal Ocean  has been un- 
clear. i i i)  Anoxia must have affected areas , , 

of unusually shallow water, t he  repository 
for most marine invertebrate diversity. 
(i i i)  There  must be a propinquitious rela- 
t ion in space and time he t~veen  extinction 
and anoxia. 

T o  anslyer these i l~~estions,  we conclucted 
a sedimentol(>gical and ichnological study of 
P-Tr boundary sections in Spitsliergen that 
lay o n  the margin of the Boreal Ocean i ~ ~ ~ d  
similar study, comliined ~ v i t h  geochemical 
analys~s, of the shallo~v-~vater, equatorial sec- 
tions of western Tethys (nor t l~ern Italy, 
so~ l t l~e rn  Austria and Slovenia). 

T h e  P-Tr boundary in  Spitsbergen has 
trailitionallv been olaced a t  the  colltact 
between the  Permian Kapp Starostin For- 
mation, a cherty limestone and >hale,  and 
the  shale and sandstone of the  Vardehukta 
Formation (Grieshachian and Dienerian 
stapes of the  lowermost Triassic). Avail- 
a1.f; hiostratigraphic data are poor, and for 
the  K a p ~ i  Starostin Formation, the  carlion 
isotope stratigraphy revealed by its con- 
sti tuent bl.achiopod and coral f a ~ m a  is the  
hest guide t o  its latest Permian (Changx-  
ingian Stage) age ( 7 ) .  T h e  Vari le l l~~kta  
Formation contains spL~ra~ l i c  example< of 
the  ammonoiL1 Otocua, borenlc near its 
base, and these are joined by the  typical 
Triassic taxa Obi~iierns anii Clarc~ia 20 to 

Department of Earth Sciences. University of Leeds, 30 1" above the  base (8).  Defining the  
Leeds LS2 9JT, UK. position of the  base of the  Triassic is a 
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