heating due to the net moisture conver-
gence. Equation 6 shows that it is the
derivative of the oceanic transport with
respect to SST, not the magnitude of the
oceanic transport, that determines the
sensitivity of the tropical SST. This fact
was overlooked by Ramanathan and Collins
(10). The equation also shows that the ef-
fectiveness of the feedback from ocean cur-
rents depends crucially on the nature of
other feedbacks. Over the warm pool region,
9E[OT is largely canceled by oG, /0T, and
dC/dT is largely balanced by dF, /9T (3).
There may be further cancellations between
dC,/oT and —0F, /0T because increased
cloudiness over the warm pool region is
likely accompanied by enhanced moisture
convergence (4). The larger cancellation
among atmospheric feedbacks makes the
feedback from ocean currents crucially im-
portant. Moreover, all of the feedback terms
in Eq. 6 depend strongly on the Walker
circulation (4, 5) and therefore more funda-
mentally on the dynamic coupling between
the atmosphere and ocean. It is the dynamic
coupling that gives rise to the east-west SST
gradients and the accompanying Walker cir-
culation.
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The heat exchange between the atmosphere and
ocean had the same form as in the box model, with
T, varying with latitude following a cosine profile from
319 K at the equator to 263 K at 50°N. The thermal
relaxation time scale 1/c was chosen as 200 days.
The salinity field was held constant. The spin-up was
to allow the thermohaline circulation to set up a basic
temperature structure for the ocean. Except near the
western boundary, distributions of SST in such a
state were essentially zonally symmetric. A perturba-
tion to the upper ocean was introduced by imposing
a weak wind stress for a year. The surface wind was
then coupled to the east-west SST differences in a
way similar to that for the box model: 7, = XgImW)I(T
— T,), where 7, is the east-west wind stress, A, is the
coupling strength, and m(y) is a specified function of
latitude y that gives easterly wind in the tropics and
westerly wind in the extratropics. The domains over
which T, and T, were obtained spanned latitudes of
0° to 10°N and longitudes of, respectively, 0° to 15°
and 25° to 40° of our 40° region. Thirteen experi-
ments with different A, were conducted. For small
\o, NO significant east-west SST gradients were de-
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veloped, and the ocean returned to the basic state
without wind. When N\, was sufficiently large, how-
ever, the ocean drifted quickly to a new state with
significant east-west SST differences. No significant
changes were found after the first two decades of
integration, indicating that the heat transfer is mainly
a balance between the radiative convective process-
es and the wind-driven circulations. In the GCM ex-
periments, heat was gained in the tropics and lost in
the extratropics, as in the observations. Plotted in
Fig. 4 are values of T, and T, at the end of 50 years
of integration. (A few experiments were extended to
1000 years of integration, and no significant differ-
ences from the corresponding 50 years of integra-
tion 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.

Whether they include one (aardvarks) or
1750 (rodents) extant species, orders are
the most inclusive groupings for which
there is certainty of monophyly within
Mammalia. The monophyly of superordinal
taxa such as Ungulata has been much less
certain (I). The mammalian division Un-
gulata is usually argued to include archaic
ungulates  (“Condylarthra”) (2), South
American native ungulates (3), Desmo-
stylia, and Embrithopoda, and the extant
Artiodactyla, Cetacea, Hyracoidea, Perisso-
dactyla, Proboscidea, Sirenia, and question-
ably Tubulidentata, but it excludes the ex-
tinct Pantodonta, Tillodontia, and Dinoc-
erata (4). None of these orders had been
known from before the earliest Tertiary [65
million years ago (Ma)] except for question-
able Late Cretaceous occurrences in North
and South America (5). Fossils recovered
from the 85-million-year-old Bissekty For-
mation, Uzbekistan (6), however, appear to
have ungulate affinities (7, 8) on the basis
of dental morphology that seems to mark
the beginnings of herbivory in placental
mammals. These fossils, plus possibly others
from North America and Europe, comprise
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the family “Zhelestidae” (9). A review of
the biostratigraphy of the Bissekty Forma-
tion (10) corroborates the ~85-million-
year age estimate and also suggests that
various of its named and unnamed mamma-
lian species are best referred to “Zhelesti-
dae.” In this report, [ present the results of
a species-level phylogenetic analysis of bet-
ter known, Late Cretaceous placental mam-
mals, including the “zhelestids,” plus Ungu-
lata. Trends in increased herbivory among
“zhelestids” compared to other Late Creta-
ceous placental mammals are also discussed.

The phylogenetic analysis (Fig. 1) of all
species of better known Late Cretaceous
placental mammals (Table 1) shows that
“zhelestids” are monophyletic relative to
other Late Cretaceous eutherians. The up-
per and lower dentitions of the mid-sized
Asian “zhelestids” cannot at this time be
matched; thus, the study was limited to the
better known upper dentition. As shown in
Fig. 1, the analysis includes Tertiary Ungu-
lata represented by Protungulatum (or Oxyp-
rimus) as an exemplar. Because some
“zhelestids” have a more recent common
ancestry with Ungulata than with other
“zhelestids,” “Zhelestidae” is paraphyletic
(and thus the quotation marks). With Un-
gulata, however, “Zhelestidae” forms a clade



relative to all Late Cretaceous mammals
that is here named Ungulatomorpha (11).
“Zhelestids” are of particular interest be-
cause they evolved character states leading
toward herbivory, which are even more
strongly developed within Ungulata. The
only other extant orders of placental
mammals that show similar overall ten-
dencies toward herbivory are rodents, rab-

Fig. 1. Phylogenetic tree

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 not
closely related to ungulates (12). The
analysis in Fig. 1 supports the view that
the anagalidans Zalambdalestes and Barun-

Age (Ma)

3 ! Mesozoi i

. . Otlestes Edentata
cladistic analysis (22) of Asioryctes < oo
ungulatomorphs (“zheles- Barunlestes
tids” and Ungulata) includ- Z’awm:elesm
ing the 10 Late Creta- .
ceous eutherians listed in Cimolestes
Table 1. The more impor-
tant morphological shifts Sallestes
(some of which are found Paranyctoides

as homoplasies in other
taxa) are as follows: Node
1, Ungulatomorpha: stylar
shelf narrow, ultimate pre-
molar (P%) with metacone
or swelling (Fig. 2, C, E,
and H), pre- and postcin-
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Ungulata (for
@-’ example, Protunguiatum)

gula reach or extend be-
low conules, and two cus-

pules in the parastylar region. Node 2, Gen. et sp. nov. (Fig. 2, C and D) plus Ungulata: substantial anteropos-
terior expansion of protocone, substantial labial shift of protocone, and molar crown shape at least subrec-
tangular. Node 3, Ungulata (Protunguiatum 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 (23)], 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. 2B). The fourth was not evaluated.

lestes are not closely related to ungulates.
The earliest known primatomorphs (13)
such as Purgatorius retain primitive fea-
tures, especially in their lower dentition
(such as less anteroposteriorly compressed
trigonid than in “zhelestids”), that argue
against membership in Ungulatomorpha.
Some of 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-

1)

C
q

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 P> (CCMGE 35/12176); gen. et sp. nov.
(D) left M2 (CCMGE 2/12455, type); Aspanlestes
aptap (E) left P> and M'-2 (CCMGE 1/12455,
cast of type of Zhelestes bezelgen), (F) right P, and
M2 (CCMGE 4/12176, type); Parazhelestes sp.
nov. (G) right M' (CCMGE 11/12953, type), (H) P°
and M'-2 (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 | m n o p q r
Hypothetical ancestor 0 0 0 0 0 0 0 0 0 0 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 ? 1 0 0 0 0 O 0 0 0
Batodon tenuis 0 0 0 0 0 0 1 0 0 1 0 1 1 ? 0 0 0 0
Barunlestes butleri 0 0 1 0 1? 0? 0 0 0 1f 0 0 01 1 0 0 0 o0
Cimolestes spp. 0 0 0 0 0 0 01 0 0 1 0 01 0,1 0O o 0 0 O
Gypsonictops spp. 0 0 0 0 1 0 1 0? 1 01 0 1 0,1 0 0 0 0 0
Kennalestes gobiensis 0 0 0 0 0 1 1 0 0,1 0,1 0 1,2 0 0 0 0 0 0
Paranyctoides maleficus 1,2 0 0 0 0 0 1 1 0 ? 1 1,2 0 0 0 1 0 0
Otlestes meiman 0 0 01 0 o 0? 0 0 ? 0 0 0 o o? 0 1 0 o0
Sailestes quadrans 1 0 0 0 0 1 1 0? ? ? 0 2 1 ? 0 1 1 0
Zalambdalestes lechei 0 0 1? 0 0,1 0 0 0 1? 1 0 0 0 1 0 1 0 0
Ungulatomorphs
Alostera
saskatchewanensis 1 0 0 1 1 0 2 1 1 ? 1 2 2 ? 1 1 1 0
Avitotherium utahensis 1 0 0 0 1 1 1,2 1 1 ? 1 2 0,1 ? 0 1 1 0
Aspanlestes aptap 1 0 0 0 1 1 2 1 1 07 1 2 0,1 0 0 1 0 0
Zhelestes temirkazyk 1 0? 0 0 1 1 2? 1? 1 0 1 3 1 0o O 1? 2?7 0
Parazhelestes robustus 2 1 0 0 1 1 2 1 1 0? 1 3 1 1 0 1 2 1
Parazhelestes sp. nov. 1,2 1 0 0 1 1 2 1 0,1 07 1 2 1 ? 0 1 2 0
Gen. et sp. nov. 3 2 0 0 1 1 2 1? 1? ? 2 3 2 ?7 0 1 2 0
Ungulata (for example,
Protungulatumn) 3 2 1 1 1 0 2 1 0,1 1= 3 3 1,2 0 1 1 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 on the
upper molars (and last premolar) (Fig. 2C)
is greatly expanded and shifted labially,
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 labi-
ally below the conular region; the bases of
the paracone and metacone are separated;
the parastylar region is weak because shear-
ing in this area is reduced; and the stylar
shelf is narrower, with little or no ect-
oflexus. These changes facilitate the crush-
ing function of the protocone-talonid and
the transverse chewing motion found in
herbivores versus the shearing crests on the
molars and the more vertical chewing mo-
tion in carnivores (14). Even the smallest
“zhelestid,” Aspanlestes aptap (Figs. 2, E and
F, and 3C), heralds the beginning of these
trends, which are more obvious in interme-
diate-sized species (Parazhelestes sp. 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-
timate premolar has a metaconid or swelling
(shared with other Late Cretaceous euther-
ians). The 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 trigonid squared up the

A B Cc
N

Fig. 3. Occlusal views of left upper second mo-
lars: (A) Kennalestes gobiensis; (B) Gypsonictops
illuminatus; (C) Aspanlestes aptap; (D) gen. et sp.
nov.; and (E) Protungulatum donnae. [(A, B, and E)
after (25)]. Molars drawn at same width. Scale
bars, 1 mm.
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molars, which is correlated with the contin-
ued shift to herbivory.

Although “zhelestids” show clear links
to ungulates, they retain some character
states primitive for Late Cretaceous euther-
ians. The more obvious and important of
these are (i) retention of strong internal
wings on the upper molar conules (Fig. 2, D,
E, G, and H, 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. 4C) as compared 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 on the masseter
and pterygoid musculature with concomi-
tant deemphasis on the temporalis (16) 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
America 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 Ma in

Fig. 4. Reconstructed left labial view of the snout
region based on (A) maxilla of Zhelestes temirka-
zyk, canine (C), P'-5, M'-8 (CCMGE 10/12176,
type); and (B) dentary of Sorlestes budan, canine,
P,_, (CCMGE 15/12953), demonstrating the
presence of five premolars and the relative sizes of
the premolars 5>4>2>3>1; stippling shows re-
constructed teeth. Left labial views of reconstruct-
ed dentaries with P, M,_; showing the height of
the mandibular condyle above dentary: (C)
“zhelestid” based on Sorlestes budan (Zoological
Institute of the Academy of Sciences of Uzbek-
istan or [ZANUz P2155-M-1), and S. kara (CCMGE
106/12455, type) (26); and (D) the ungulate Protun-
gulatum donnae (27). 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 be key in clar-
ifying evolutionary relationships (19). It also
serves as an 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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below the conules (1), cingula reach or extend below
the conules (2). (h) Height and size of para- and
metacone: paracone higher and larger (0), cusps of
similar height and size (1). (i) Metacone or metaconal
swelling on PS (or ultimate upper premolar): absent
(0), present (1). (j) Number of premolars: five (0), four
or fewer (1). (k) Shape of molar crown in occlusal
view: triangular (0), trapezoidal (1), subrectangular
(2), rectangular (3). (I) Constriction of crown through
conular region without or without cingula present: no
constriction and no cingula (0); marked constriction
and with cingula (1), slight constriction and with cin-
gula (2), no constriction with cingula (3). (m) Ecto-
flexus: deep (0), shallow (1), none (2). (n) M2 linguo-
labial width relative to other molars: not markedly
narrowed (0), markedly narrowed (1). (o) Parastylar
groove: well developed (0), very reduced or absent
(1). (p) Base of paracone and metacone: merged (0),
separate (1). (q) Distance between paracone or
metacone and protocone relative to total anterior or
posterior width, respectively: between 45 and 55%
of crown width (0), more than 55% of crown width
(1), less than 45% of crown width (2). (r) Position of
conules (especially paraconule) relative to paracone
and metacone versus protocone: conules closer to
mid-position (0), conules closer to protocone than to
the mid-position (1).
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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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