
heating due to  the  ne t  ~ n o i s t ~ ~ r e  conver- 
gence. Equation 6 sho\vs that  it is the  
derivative of the  oceanic transport with 
respect to SST, not  the  magnitude of the  
oceanic transport, t ha t  determines the  
sensitivity of the  tropical SST. This  fact 
was overlooked by Ratna~lathan and Collins 
(IC). T h e  equation also shows that the ef- 
fectiveness of the feedhack from ocean cur- 
rents depends crucially o n  the nature of 
other feedbacks. Over the xvarm pool region, 
ilE/ilT is largely canceled by dG<,/dT, and 
dC,/aT is largely balanced by i~F~,~/d7  (3). 
There may be further cancellations hetween 
dC,/ilT and -dF~,,/ilT because increased 
cloudi~less over the warm pool region is 
likely acco~nnanied hv enhanced moisture 
convergence (4). T h e  larger cancellation 
alnolle a t~nosnher~c  feedbacks makes the 

u 

feedback from ocean currents crucially im- 
portant. Moreover, all of the feedback terms 
in Eq. 6 depend strongly o n  the Walker 
circ~llation (4 ,  5) and therefore more funda- 
mentally o n  the dynamic coupling between 
the atrnosnhere 2nd ocean. It is the dynamic 
coupling that gi-\.es rise to the east-west SST 
gradients and the accompanying Walker cir- 
culation. 
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ton to the upper ocean was Introduced cy mposng 
a v'leak w n d  stress for a year The surface v511nd was 
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es and the wnd-drlven c~rculat~ons In the GCM ex- 
perments, heat was ganed In the tropcs and lost n 
the extratroplcs as In the observations. Plotted In 
Flg. 4 are values of T ,  and T, at the end of 50 years 
of ntegraton. (A few experments were extended to 
1000 years of ntegraton, and no sgnf~cant dffer- 
ences from the correspondng 50 years of ntegra- 
t on  were found.) 
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Fossil Evidence for a Late Cretaceous 
Origin of "Hoofed" Mammals 

J. David Archibald 

Seventeen of eighteen orders of living placental mammals are not known before 65 million 
years ago. The monophyly of each order is well established, but interrelations have been 
less certain. A superordinal grouping of up to seven extant orders plus a variety of extinct 
orders, all included within Ungulata ("hoofed" mammals), can be linked to Late Cretaceous 
mammals from the 85-million-year-old Bissekty Formation, Uzbekistan (and, less cer- 
tainly, North America and Europe), thus pushing the origin of this major clade back by 20 
million years. Ungulatomorphs are not closely related to primates, rodents, or rabbits. 

W h e t h e r  they inc l~~ i l e  one (~ardlrarks) or 
1750 (rodents) extant species, orders are 
the  lnost inclusive groupings for which 
there is certainty of monophyly within 
Mammalia. T h e  m o n o p l ~ y l ~  of superordinal 
tasa such as Ungulata has been ~ n ~ l c h  less 
certain i 1 ) .  T h e  mammalian division Utl- ~, 

gulata is usually argued to include archaic 
ungulates ("Condylarrhra") ( 2 ) ,  South 
American native ungulates ( 3 ) ,  Desmo- 
stylia, and Embrithopoda, and the extant 
Artiodactyla, Cetacea, Hyracoidea, Perisso- 
dactyla, Proboscidea, Sirenia, and iluestion- 
ably T~~bul idet l ta ta ,  but it escludes the e s -  
tinct Pantodonta, Tillodontia, and Dinoc- 
erata (4 ) .  None of these orders had been 
known from hefore the earliest Tertiary [65 
 nill lion years ago (Ma)]  except for question- 
ahle Late Cretaceous occurrences in North  
and South America (5). Fossils recovered 
from the  85-million-year-olii Bissekty For- 
mation, Urhekistan ( 6 ) ,  however, appear to 
have ungulate affinities (7 ,  8)  o n  the  hasis 
of dental tno rp l~o lo~y  that seems to mark 
the  beginni~lgs of herhilrory in placental 
mammals. These fossils, pl~ls possibly others 
from North America and Europe, ci~tnprise 

Depa-iment of Boogy,  San Dego State Universty, San 
Dlego, CA 921 82, USA. 

the family "Zhelestidae" (9). A review of 
the biostratigraphy of the Bissekty Forma- 
tion (10) corroborates the -85-million- 
year age estimate anL! also suggests that 
v a r i o ~ ~ s  of its mallled and ~ l n n a ~ n e d  mamma- 
llan species are hest referreil to "Zhelesti- 
ilae." In this report, I present the r e s ~ ~ l t s  of 
a species-lelrel phylogenetic analysis of het- 
ter kno\vn, Late Cretaceous placental tnam- 
mals, inchliling the ":helestids," plus Ungu- 
lata. Trends in illcreased herbil~ory among 
"rhelestids" co~nvared to other Late Creta- 
ceous placental nlanlnlals are also discussed. 

T h e  phylogetletic analysis (Fig. 1 )  of all 
species of better k l low~l  Late Cretaceous 
placental ~narnnlals (Table 1)  shows that 
"rhelest~ds" are mono~-ih\~letic relative to 

L ,  

other Late Cretaceous eutherians. T h e  LILT- 

per and lower dentitions of the mid-sired 
Asian "zhelestids" cannot a t  this time he 
matched; thus, the study was limited to the 
hetter k~lovvll uvner dentition. As sho\vn in 

A .  

Fig. 1, the analysis includes Tertiary Ungu- 
lata represented hy Protunguhtum (or 0 x 7 ~ -  
rimus) as a n  exemplar. Because some 
"rhelestids" 11al.e a more recent colnlllon 
ancestry with Ungulata. than with other 
"zhelestids," "Zhelestidae" is paraphyletic 
(and thus the quotation marks). With  Un-  
gulata, ho\vel,er, "Zhelestidae" forms a clade 
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relative to all Late Cretaceous mammals 
that is here named Ungulatomorpha (1 I).  
"Zhelestids" are of particular interest be- 
cause they evolved character states leading 
toward herbivory, which are even more 
strongly developed wi th in  Ungulata. The 
only other extant orders o f  placental 
mammals that show similar overall ten- 
dencies toward herbivory are rodents, rab- 

Fig. 1. Phylogenetic tree 
of placental mammals [af- 
ter (111 compared to a 
cladistic analysis (22) of 
ungulatomorphs ("zheles- 
tids" and Ungulata) includ- 
ing the 10 Late Creta- 
ceous eutherians listed in 
Table 1. The more impor- 
tant morphological shifts 
(some of which are found 
as homoplasies in other 
taxa) are as follows: Node 
1, Ungulatomorpha: stylar 
sheif narrow, ultimate pre- 
molar (P5) with metacone 
or swelling (Fig. 2, C, E, 
and H), pre- and postcin- 
gula reach or extend be- 

bits, and primates. Rodents and rabbits are 
currently thought to belong to a superor- 
dinal clade, Anagalida, which also in- 
cludes elephant shrews and the Late Cre- 
taceous Asian genera Zalambdalestes and 
Barunlestes; this superordinal clade is no t  
closely related to ungulates (12). The 
analysis in Fig. 1 supports the view that 
the anagalidans Zalambdalestes and Barun- 

Mesozoic Age (Ma) Cenozoic 
110 100 90 80 70 60 50 40 30 20 10 0 

- 
kmscelidea 

Primates 

bw conules, and two cus- 
pules in the parastylar region. Node 2, Gen. et sp. nov. (Fig. 2, C and D) plus Ungulata: substantial anteropos- 
tenor expansion of protocone, substantial labial shii of protocone, and molar crown shape at least subrec- 
tangular. Node 3, Ungulata (Protvngulatvm donnae as exemplar): molar conules with little or no internal wings, 
metacingulum formed by postmetaconular crista continuing on to metastylar region, parastylar region reduced 
with one cusp, four or fewer premolars [sirenians have five premolars (2311, upper molars rectangular in occlusal 
view, parastylar groove (and lobe) reduced, and conules closer to protocone than to midposition of the crown. 
Four other Ungulata autapomorphies have been noted (2): more bunodont, lower crowned teeth; molar 
trigonids anteroposteriorly shortened; M, with a large posteriorly projecting hypoconulid; and astragalus with a 
shorter, robust head. Of these, the first two are in all ungulatomorphs, and the second is hinted at in the M, 
tentatively referred to the new genus and species (Fig. 28). The fourth was not evaluated. 

lestes are not  closely related to  ungulates. 
The earliest known primatomotphs (13) 
such as Pur~atorius retain ~ r i m i t i v e  fea- " 
tures, especially in their lower dentition 
(such as less anteroposteriorly compressed 
trigonid than in "zhelestids"), that argue 
against membership in Ungulatomotpha. 

Some o f  the 85-million-year-old "zheles- 
tids" resemble the 65-million-year-old ar- 
chaic ungulates (so-called condylarths). For 
example, the largest "zhelestid," gen. et sp. 
nov. (Fig. 2, A through D, and Fig. 3D), at 
first could be mistaken for an archaic ungu- 

Fig. 2. Occlusal views: cf. gen. et sp. nov. (A) 
right M, (Chernyshev's Central Museum of Geo- 
logical Exploration of Saint Petersburg or CC- 
MGE 17/12953), (B) left M, (CCMGE 16/12953), 
(C) right P5 (CCMGE 35/12176); gen. et sp. nov. 
(D) left M2 (CCMGE 2/12455, type); Aspanlestes 
aptap (E) left P5 and (CCMGE 1/12455, 
cast of type of Zhelestes bezelgen), (F) right P5 and 
M1 -2 (CCMGE 4/12176, type); Parazhdestes sp. 
nov. (G) right M1 (CCMGE 11/12953, type), (H) P5 
and (CCMGE 11/12176, cast). Scale bar, 2 
mm. 

Table 1. Matrix of taxon and the characters and states defined in (24), which were used in the phylogenetic analysis in Fig. 1. 
-- 

Character 
Species 

a b c d e f g h i  j k l m n o p q r  

Hypothetical ancestor 0 0 0 0 0 0 0 0  
Late Cretaceous eutherians 

represented by upper teeth 
Asioryctes nemegetensis 0 0 1 ' 0 0 0 1 0  
Batodon tenuis 0 0 0 0 0 0 1 0  
Barunlestes butleri 0 0 1 0 1 ? 0 ?  0 0 
Cimolestes spp. 0 0 0 0  0 0 0 , l  0 
Gypsonictops spp. 0 0 0 0  1 0  l o ?  
Kennalestes gobiensis 0 0 0 0 0 1  1 0  
Paranyctoides maleficus 1 , 2 0 0 0 0 0 1 1  
Otlestes meiman 0 0 0 , l  0 0 O? 0 0 
Sailestes quadrans 1 0 0 0  0 1 l o ?  
Zalambdalestes lechei 0 0 1 ? 0 0 , 1  0 0 0 

Ungulatomorphs 
Alostera 

saskatchewanensis 1 0 0 1  1 0 2 1  
Avitotherium utahensis 1 0 0 0  1 1 1 , 2 1  
Aspanlestes aptap 1 0 0 0 1 1  2 1  
Zhelestes temirkazyk 1 O? 0 0 1 1 2 ?  I? 
Parazhelestes robustus 2 1 0 0 1 1 2 1  
Parazhelestes sp. nov. 1 , 2 1 0 0  1 1  2 1  
Gen. et sp. nov. 3 2 0 0  1 1  2 1 ?  
Ungulata (for example, 

Protungulatum) 3 2 1 1 1 0 2 1  
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late from the  Paleocene of North  America 
(Fig. 3E). In  this new taxon (Fig. 3D)  and 
in ungulates (Fig. 3E),  the  protocone o n  the  
upper molars (and last premolar) (Fig. 3C)  
is greatly expanded and shifted lahially, 
squaring the  crown, as compared to the  
narrower, more triangular shape found in 
Late Cretaceous eutherians such as Kennal- 
estes or Gypsonictops (Fig. 3, A and B). In 
addition, in "zhelestids" the  pre- and 
postcingula, although narrow, extend lahi- 
ally below the  conular region; the bases of 
the  paracone and metacone are separated; 
the narastvlar region is weak because shear- 
ing i n  this areaYis reduced; and the stylar 
shelf is narrower, with little or n o  ect- 
oflexus. These changes facilitate the crush- 
ing function of the protocone-talonid and 
the  transverse chewine motion found in 
herbivores versus the  shearing crests o n  the  
molars and the  Inore vertical chewing mo- 
tion in carnivores (14).  Even the  smallest 
":helestid," Aspanlestes aptap (Figs. 2, E and 
F, and 3 C ) ,  heralds the  beginning of these 
trends, which are more obvious in  interme- 
diate-si:ed species (Pa~azhelestes s p  nov.) 
(Fig. 2. G and H) .  , 

These changes are mirrored in the lower 
dentition (Fig. 2, A, B, and F), in which a 
widened talonid receives the expanded pro- 
tocone, the entoconid-hypoconulid are 
closely approximated, trigonid height is low- 
ered relative to the talonid, the trigonid has 
some anteroposterior shortening, and the ul- 
tinlate premolar has a rnetaconid or swelling 
(shared with other Late Cretaceous euther- 
ians). T h e  twinning of entoconid-hypoconu- 
lid could be unique for "zhelestids," but it is 
more likely that this resulted from expansion 
of the protocone, as the hypoconid moved 
away from the  other talonid cusps. A differ- 
ent twinning of these cusps occurred in mar- 
supials (15). In species of Ungulata that first 
appear some 65 Ma, further talonid expan- 
sion pushed the  entoconid and hypoconulid 
apart  Continued anteroposterior shortening 
and lowering of the trlgon~d squared up the  

- EE3- 
Fig. 3. Occlusal vlews of left upper second mo- 
lars (A) Kennalestes gobiensis, (6) Gypsonictops 
illurninatus , (C) Aspanlestes aptap (D) gen et sp 
nov and (E) Protungulatum donnae [(A B and E) 
after (25)] Molars drawn at same w~dth Scale 
bars 1 mm 

1152 

molars. which is correlated with the contin- 
ued shift to herbivory. 

Although "zhelestids" show clear links 
to ~mgulates, they retain some character 
states primitive for Late Cretaceous euther- 
ians. T h e  more ohvious and irnnortant of 
these are (i)  retention of strong internal 
wings o n  the  upper ruolar conules (Fig. 3, D, 
E, G, and 13, and Fig. 3, A through D)  that 
are reduced or lost in  the earliest ungulates 
(Fig. 3E) as more transverse occlusion 
evolves; (ii) retention of five premolars 
with relative size 5>4>2>3>1 (Fig. 4, A 
and B) that are reduced to four or fewer in 
most ungulates; and (iii) retention of a 
more ventrally placed mandibular condyle 
(Fig. 4 C )  as co~npared to a more dorsal 
position in even the  earliest known archaic 
ungulates (Fig. 4D).  This latter transforma- 
tion is correlated with herbivory in which 
there is increased emphasis o n  the  rnasseter 
and pterygoid musculature with concomi- 
tant deernphasis o n  the temporalis ( 1  6 )  and 
the  development of a simultaneous rather 
than a sequential occlusion of the  teeth 
(17).  

Near the Cretaceous-Tertiary boundary 
(65 Ma), archaic ungulates appear in North 
A~uer ica  and shortly thereafter in South 
America (18),  thus beginning a tremendous 
taxonomic and ecological radiation leading 
to the present ungulate diversity that ranges 
from antelope to elephants to whales. The  
discovery of ungulate precursors 85 Alla in 

Fig. 4. Reconstructed left labial vlew of the snout 
region based on (A) maxilla of Zhelestes temirka- 
zyk, canine (C), PI-? MM'5 (CCMGE 10/12176, 
type); and (6) dentary of Sorlestes budan, canine. 
PI_, (CCMGE 15/12953), demonstrating the 
presence of flve premolars and the relative szes  of 
the premolars 5>4>2>3>1 ; stippling shows re- 
constructed teeth. Left labial views of reconstruct- 
ed dentares with P5, M1-3 showng the heght of 
the mandibular condyle above dentary: (C) 
"zhelestid" based on Sorlestes budan (Zoological 
Institute of the Academy of Scences of Uzbek- 
istan or ZANUz P2155-M-I), and S, kara (CCMGE 
106:12455, type) (26); and (D) the ungulate Protun- 
gulatum donnae (271. Scale bars. 2 mm. 
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western Asia ("zhelestids"), North America, 
and possibly Europe provides evidence for 
rooting the ungulate radiation much farther 
back in time. This older time of origin for 
major eutherian superordinal clades bolsters 
the argument that fossils can he key in clar- 
ifying evolutionary relationships (1 9).  It also 
serves as a n  additional, older tie point for 
molecular studies of higher level relations 
among eutherians (20) and argues that soft 
tissue structures unique and universal to all 
extant eutherians, such as the chorioallanto- 
ic placenta (21 ), must have arisen by 85 Ma. 
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21. J. A. Lilegra\/en, S. D Thompson, B K. McNab, J L. 

Patton, 6/01 J Llnnean Soc. 32, 281 (1987); M. B. 
Renfree, n Mesozo~c Dv%ererit~at~on; Mu1:rtbbercu- 
laies, Monotiemes, Early Tiieilans, and Mais~prals, 
\ lo  1 of /\4a,n:~ial Phylogeny, F S Szalay, M. J 
Novacek M C McKenna, Eds rsprlnger-Verlag, 
New Yor.i, 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 \/en only as a queston lnark 
?yere rLln as mss~ng data. The deiaut settngs of the 
branch-and-bound method of PAUP [3. L Swof- 
ford, PAUP: Phylogeneik Ai.al!!s~s Using Pars~~iioi.!!, 
Versroi. 3 : rllinois 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 poston 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 )  retention ndex = 0.773; and ri\/l 
rescaed consstency Index = 0.542. I ran a second 
analyss, us'ng 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 .  Singerlch, D P. Domning, C E. Blane, M. D 
Uhen, Contrrb. Mus. Paleontol, i l ,~ Mrch. 29, il 
11 99 i l  

2 i .  Upper dentton characters and character states for 
taxa shown n Table 1 and used n the phyogenet~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 (O), 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 I, cngua  reach or extend be lo?^ 
the conules (21, ih) Height and size of para- and 
metacone: paracone hgher and larger (O), 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 (O), four 
or fewer ( I ) .  rkl Shape of molar crown in occlusal 
vle?v: triangular (O), 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 ) ,  s g h t  constrcton and with c n -  
gula (21, no constr~ct~on wlth c lng~~la  (3) (m) Ecto- 
flexus. deep (O), shallow ( I ) ,  none (2) (n) M' 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 atil~e to total anterior or 
posrerioi w~dth, respect~vely: between 45 and 55% 
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) 
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Press, Berkeley, 19781, pp. 99-149. 
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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  deposits were 
for~ned by supergene e~ l r i ch~nen t  Juring 
\veatherini.. Enriclnnent took olace at and 
beneath the groun~i-water table under reduc- 
lno conditions and ~ n v i i l ~ ~ e d  the nrovressive 
replacement of hypoge~le sulfides, espec~ally 
chalcopyrite (CuFeS,) a n J  pyrite, by CLI- 
rich sulfides of the chalcocite (Cu2S)  group 
(1-3). T h e  necessary CLI, supplied by de- 
sceniii~lo acidic sohltions at a~nbient  temaer- 
atures, was obtained by oxidative J i s soh~ t~on  
of cupriferous sulfldes in the vadose zone 
aliove the gro~~nLi-nater  table (Fig. 1).  Su1- 
fiiie oxidation is prornoteii by aci~iophilii 
bacteria, both in the nat~lral  envmmment 
and ln co~nlnercial beneficiation of chalco- 
cite and other ores (4,  5), but CLI enrich- 
ment tyL~ically has been modeled as a n  ah]- 
otic process. Here \ye present results fro111 a 
scanning electro~l lnlcroscope (SEhl) study 
of representative samples of enriched sulf~Lies 
from major CLI deposits in  northern Chile 
that suggest that supergene enrichment, l ~ k e  
sulfide oxidation, 1s a bacterially ~nediateil 
LTrocess. Racterla were shown recentlv to nu- 
cleate placer ALL f o r ~ n a t ~ o ~ 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- 
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gene enricll~nent (7 ) ;  tell of them are or 
have heen explolteii and the other two xv~ll 
be soon. T h e  enrlchlnent zones, ranging 
from 50 to 3C0 111 thlclc (Fig. l ) ,  xvere 
generated cumulatively as ground-water ta- 
bles descendeil ( 2 ,  7 )  under sem~arid cli- 
~ n a t i c  conditions during the  mid-Tertiary. 

Representative sa~nples of supergene en- 
riched CLI ores were collected from high- 
grade vei~ls  ~n three of the lnajor posphyry- 
type clepoa~ts lnineii in  northern Chile: 
Chuquicamata (8) (Fig. I ) ,  Quebrada 
Blanca 19). and El Salvador ilL?). T h e  sam- ~, , , 

ples, from the upperlnost 4C 1n 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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