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Geology and paleontology of late Cenozoic marine deposits in the Sacaco 
area (Peru) 

By CHRISTIAN DE MUIZON, Paris and THOMAS J. DEVRIES, Columbus':-) 

With 4 figures, 2 plates and 1 table 

Z u s a m m e n f a s s u n g  

Pal~iontologische, stratigraphische und geochronologi- 
sche (K-Ar) Daten belegen ein obermioz~nes und plioz~ines 
Alter der Pisco-Formation. Die Sequenz wird etwa 350 m 
m~chtig und besteht aus tuffartigen Sandsteinen, Silten und 
Schillsanden. Die feineren Sedimente sind in groi~en La- 
gunen, die gr6beren im geschfitzten Strandbereicb abgela- 
gert worden. Die reiche Fauna enth~lt Fische (Teleostei und 
Selachii), Meeres-VSgel, eine Edentata und an Wirbellosen 
haupts~chlich Veneriden und Muriciden. Fiinf Wirbel- 
tier-Horizonte lassen sich mit fi.inf vorlSufig definierten 
Molluskenzonen korrelieren. Die Vertebratenfauna ~hnelt 
der aus dem Unterplioziin yon Nordkarolina (Yorktown 
Formation und Lee Creek Mine Formation - USA). Vom 
Mioz~n zum Plioz~n ver~ndert sich der Charakter der Mol- 
luskengesellschaften vom panamensisch-karibischen zu 
chilenischem Gepr~ge. 

Abstract  

Paleontologie, stratigraphic and geochronologic (K-Ar) 
evidence demonstrate the presence of both late Miocene 
and Pliocene marine deposits in the Pisco Formation in the 
area of Sacaco, Peru. Tuffaceous sandstone, siltstone, and 
shelly sandstone comprise the greater part of the ca. 350 
meters sequence. The fine grained sediments have accumu- 
iated in large coastal lagoons, while coarser sediments were 
deposited in semiprotected littoral and nearshore environ- 
ments. A rich marine vertebrate fauna from the Sacaco ba- 
sin includes fossil selachians, teleost fishes, marine birds, 
cetaceans, marine carnivores, and a single edentate species. 
A diverse invertebrate fauna consists principally of venerid 
and muricid molluscs. Five vertebrate levels have been cor- 
related with five provisionally defined molluscan zones. 
The vertebrate fauna has some affinity with faunas of the 
Miocene Yorktown Formation at the Lee Creek Mine of 
North Carolina (USA). Distinctive Miocene and Pliocene 
molluscan assemblages of the Pisco Formation and Pleisto- 
cene molluscan assemblages from overlying terrace depo- 
sits become progressively more similar to Chilean assem- 

*) Author's addresses: C. DE MUIZON, Institut de Pal6on- 
tologie, UA 12 CNRS, Mus6um national d'Historie Natu- 
relle, 8 rue de Buffon, 75005-Paris, France and T. J. 
DEVRIES, Institute of Polar Studies, Ohio State University, 
103 Mendenhall, Columbus, Ohio 43210, USA. 

blages of equivalent age and less similar to Tethyan faunas 
of the Panamic and Caribbean regions. 

R6sum~ 

Des preuves pal~ontologiques, stratigraphiques et g~o- 
chronologiques (K-Ar) d~montrent la presence de d~p6ts 
mioc~nes sup6rieur aussi bien que plioc~nes dans la Forma- 
tion Pisco dans ia r~gion de Sacaco (P6rou). La s6quence est 
d'environ 350 m&res et se compose de gr~s tuffac~s, de mi- 
crogr~s et de gr~s coquillers. Les s~diments ~ grains fins se 
sont accumul~s ~t l'int~rieur de grands lagons c6tiers tandis 
que les s~diments plus grossiers furent d~pos~s dans des en- 
vironnements abrit6s littoraux et c6tiers. La faune de Vert- 
ebras de la r~gion de Sacaco est fiche et comprend essentiel- 
lement des S61aciens, des T~l~ost6ens, des Oiseaux matins 
et un Edent& La faune d'Invert6br~s est vari6e et se com- 
pose principalement de Mollusques V~n~rid~s et Murici- 
d~s. Cinq niveaux de Vertebras ont 6t~ corral,s avec cinq 
zones de Mollusques d~finies provisoirement. La faune de 
Vert6br~s pr~sente des affinit~s avec celle de la Formation 
Yorktown du Plioc~ne inf6rieur de Lee Creek Mine en Ca- 
roline du Nord (USA). Les associations caract6ristiques de 
Mollusques mioc~nes et piioc~nes de la Formation Pisco et 
ceiies des d6p6ts de terrasses quaternaires sus-jacents sont 
de bas en haut, progressivement plus semblables aux asso- 
ciations chiliennes du m~me ~ge, diff6rant des faunes t&hy- 
siennes des provinces panam~ennes et caraib6ennes. 

KpaTKoe coAep:~aHHe 

C HOMOLLIblO ~aHHbIX rlaYleOHTOYlOFI4qecKHX, cTpaTM- 
rpaqbHqecKHx H reoxpoHo~orHqecrHx (rio Ka~H~o-apro- 
Iqy) Hcc~e~2OBaHI4~I y~anocb yCTaHOBIaTb Bo3pacx qbop- 
Mai21414 Pisco OX BepxHero MHOI~eHa ~20 n~HoLieHa 
BK~rOqI4Xe:IbHO. 3Ta CBHTa HMeex MOIL1,HOCTb B 350 M H 
COCTOHT H30XflO~eHPllTt TyqbqboreHHbIX necuarmroB, 
aneBpriTOa H parymeqHblX necqaHriroB. Oxno~eHHe 
Menro3epuHcxblX ces nporfcxo~Hno, aepoflT- 
nO, B 60~bmHX naryHax, a rpy603epH~Icxoro MaxepHa:~a 
- B 3aLLtHmenH~,IX nprI6pe~nbIx 3onax. 3~ec~, HaITI;2ena 
60raxaa qbayHa: pbI6bI (Teleostei rt Selachii), MopcrHe 
rtTHLtbI, Edentata, a cpe~H ~eCHO3BOHOqHbIX - r.q. 06p. 
Venerideae H Muricideae. 5 rop~43OnTOa, co~ep>rax~He 
ocTaTIa4 rlO3BOHOqHblX, m,IxaroTca roppennpoBaxb c 
YIglTblO 3OHaMH MOYUHOCKOB. OayHa IIO3BOHOqHblX riO- 
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I206Ha B OCHOBHOM zaroBO~ H~i~HerO rI~qoLteHa ceBep- 
nofi Kapo:]rfnbi (qbopMamin Yorktown ri Lee Creek 
Mine, CILIA). 3a rlepI~on OT MHOtIeHa ;IO nnHoL~ena ria- 
6~loLiatoT H3MeHeHHe COCTaBa MflFKOTe51bIX OT naHaMO- 

KapH6cKoro ~o qHflH~ICKOFO. 

Introduction 

The Pisco Formation corresponds to an important 
marine transgression which affected the southern Pe- 
ruvian coast for approximately 350 km from Pisco to 
Yauca (Fig. 1). LISSON (1898) was the first to mention 
fossil whale remains at Ocucaje, but ADAMS (1908: 
45) was the first to name and define this suite of 
~,white and yellowish rocks which have a calcareous 
aspect much like chalk,, outcropping to the north of 
Pisco and throughout the lower Rio Ica and Rio 
Grande valleys. ADAMS (1908: 45) also noted fossil 
whales both at Cerro Blanco (west of Hacienda Ocu- 
caje) and >,on the plains to the east of the port  of Lo- 
mas<< (Fig. 2) and further noted the presence of dia- 
toms and volcanic ash. 

The age of the Pisco Formation was tentatively de- 
termined to be Pliocene by ADAMS (1908). Subse- 
quently, geologists have assigned a Miocene age to it 

on the basis of diatoms and foraminifera (STe~NMANN 
1928; PETERSEN 1954; NEWELL 1956; RFEGO 1956). 
This age was confirmed by MERTZ (1966) in his study 
of Pisco Formation diatom floras. COLBERT (1944) 
concluded that a newly described odontocete ceta- 
cean (Incacetus broggii) from near the mouth of the 
Rfo Ica was also Miocene. Contradicting this unan- 
imous opinion, recent paleontologic studies in the 
Sacaco area suggest that part of the Pisco Formation 
may be late Pliocene in age (HOFFST~TT~R 1968; DE 
MUIZON 1978). In fact, both age assignments are cor- 
rect. De MUIZON and B~LLON (1980) confirmed a 
Pliocene age for the upper Pisco Formation at Sacaco 
with a K-Ar  tuff date of 3.9 Ma. In the same manner, 
they have since demonstrated a late Miocene age for 
the lower Pisco Formation near Sacaco (DE MUIZON 
and BELLON 1985). 

This paper presents a decription of the Pisco For-  
mation deposits in the Sacaco area. Some inferences 
are drawn about depositional settings within the Sa- 
caco basin and the environments inhabited by an 
unusually well-preserved and diverse array of marine 
animals. Detailed considerations of sedimentology 
and paleontology await the completion of work in 
progress. 

Fig. 1. Neogene outcrops of the Pisco Formation in southern Peru. The Sacaco basin is largely between the towns of Lomas 
and Yauca. 
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1. Strat igraphy 

Neogene sedimentary rocks in the Sacaco area 
consist of tuffaceous sandy siltstone, medium and 
coarse-grained sandstone, shelly sandstone, and to a 
lesser extent conglomerates, bedded tufts, and co- 
quina. The texture, structures, and sequence of these 
deposits are indicative of nearshore, intertidal, and 
lagoonal depositional environments developed on a 
slowly subsiding continental platform. The diatomi- 
tes and endlessly repeated fine clastic sediments of 
the Pisco and Ica region are conspicuously absent. 
Since the Pisco Formation is not fully exposed along 
any single transect in the Sacaco area, the following 
discussion of the stratigraphy is based on a composite 
section which incorporates figured sections at 
Aguada de Lomas, Sacaco and Sud-Sacaco (Fig. 3) 
and unfigured sections at E1 Jahuay and Montemar 
(Fig. 2). 

The lowermost quarter of the Pisco Formation in 
the Sacaco area is predominantly composed of mas- 
sive fine sandstone with few fossils. At El Jahuay 
these sediments are underlain by coarse sandstones 
with interbedded lenses of Ostrea and venerids 
which directly abut crystalline basement pinnacles. 
A laterally extensive conglomerate of rounded boul- 
ders lies 15 meters above the basement. Six meters 
higher follows an equally extensive tuff bed one me- 
ter thick, internally convoluted, and sharply boun- 
ded above and below. This tuff has been assigned an 
age of 9.5 Ma by K-Ar dating (DE MUIZON and BrL- 
LO• 1985). The uppermost 15 meters of the section 
includes two shelly sandstone beds intercalated in a 
bioturbated fossiliferous sandstone (ELJ vertebrate 
level; see below). Although fossiliferous horizons 
were not seen in the basal part of the section at 
Aguada de Lomas, a similar sequence of rounded 
boulder conglomerates and tuff beds suggests a simi- 
larity of process and perhaps a contemporaneity with 
the E1 Jahuay section. At Aguada de Lomas, two 
tufts have been dated by K-Ar and were respectively 
assigned ages of 8 Ma and 8.8 Ma (Dz MuIZON and 
B ESLON 1985); considering the age of 9.5 Ma of the E1 
Jahuay tuff it is possible that the ELJ level is older 
than the 8.8 tuff, the 9.5 tuff being possibly absent at 
Aguada de Lomas. Discrete clastic beds disappear 
within the first 40 meters of section at a level coinci- 
ding with the down-dip projection of an offshore su- 
baerial basement high. The high is still visible as a 
stark crystalline ridge between Aguada de Lomas and 
the shore line. 

Fine sandstones prevail for much of the next 80 
meters, relieved only by two closely spaced shell 
beds on the lower northern slopes of Aguada de Lo- 

mas. The lower eastern slopes are capped with low 
knolls of trough-crossbedded, well-sorted sandstone 
riddled with Skolithos burrows. The sandstone con- 
tains well preserved, but disarticulated vertebrate 
remains (AGL vertebrate level; see below). 

We conclude that these lower Pisco sediments, re- 
cently recognized as late Miocene (DE MUIZON and 
BELLON 1985) were deposited initially in a protected 
marine embayment. Later, as the crystalline paleo- 
topography became buried, sandstones were deposi- 
ted beneath agitated waters of a shallow but deeply 
inset bay. 

The upper eastern slopes of Aguada de Lomas are 
traversed by several shelly horizons that sometimes 
include badly abraded whale bones. At the top of the 
section, which is to say on the Pampa de Algamasa, 
we observed discontinuous outcrops of gypsum. The 
gypsum and poorly preserved mollusks in beds se- 
veral meters below the gypsum, might be correlated 
with fossiliferous and gypsiferous beds at Montemar 
(MTM vertebrate level; see below) and fossiliferous 
sandy siltstones in the westernmost quebradas (ca- 
nyons) at Sud-Sacaco (West). 

Convoluted, crossbedded, intraclastic sandstones 
of a dark grey color unconformably overlie pale grey 
siltstones on the uppermost slopes of the western- 
most quebradas at Sud-Sacaco (West). The uncon- 
formity is highly irregular, bespeaking substantial 
subaerial erosion. Large granite boulders rest upon 
the older siltstone, clearly associated with the older 
unconformity rather than the present erosional sur- 
face. The siltstones are pierced by closely packed 
burrowing traces. Each vertical tube (1-2 cm diame- 
ter) is ringed by a cloud of upwardly radiating thin 
tubes (1-3 mm diameter). SCHaFER (1972) attributes 
identical modern traces to flat-burrowing Macoma. 
The radiating traces mark successive positions of this 
pelecypod's fleshy exhalant siphon. Such traces at 
Sud-Sacaco West show that the siltstone was barely 
indurated at the time it was overrun by the sea. Given 
that the beds below the unconformity are latest Mio- 
cene and the above early Pliocene (see next section 
for discussion of ages), the poor consolidation of so 
briefly exposed bedrock is to be expected. 

That the Miocene siltstone surface remained so ir- 
regular during the time of its inundation, indicates 
that it was not battered by surf from the open Pacific 
Ocean. 

Coarse immature sandstones consisting of lithic 
fragments derived from local crystalline pinnacles 
and bioclastic debris (especially Megabalanus) com- 
prise the lower 20 meters of the section at Sud-Sacaco 
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away from the former stacks�9 Tuff beds which are la- 
terally equivalent to the barnacle beds evidently for- 
med on the lee side of some bedrock obstacles. 

Overlying the barnacle beds are laterally extensive 
shell beds containing a relatively diverse assemblage 
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of venerid pelecypods, muricid gastropods and ver- 
tebrates. These beds are locally succeeded by thick 
vertebrate-bearing tufts (SAS vertebrate level, in 
part; see below); fining upward cycles of brachio- 
pod-bearing sandstones, or well sorted, crossbed- 
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Fig. 3. Measured sections of the Pisco Formation in the Sacaco basin. Also shown are vertebrate levels and provisional mol- 
luscan zones. Locations and ages of dated tuff beds are shown to right of sections. 
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ded, Chorus-bearing sandstones. We interpret these 
deposits to represent a barrier bar and lagoonal facies 
which evolved as the irregular stack-ridden coastline 
subsided. Stratigraphic and paleontologic evidence 
show that these beds are older than 3.9 Ma (dated tuff 
bed of DE MUIZON and BELLON 1980) and younger 
than Miocene. 

Crab-bearing silstones, bedded evaporites, and 
thin crossbedded sandstones constitute the Sud-Sa- 
caco (East) section (Fig. 2). Again, we interpret these 
deposits to represent barrier bar and lagoonal facies 
but indicative of more restricted (hypersaline?) con- 
ditions. This lagoonal stage is still older than 3.9 Ma. 

The uppermost sandstone of the Sud-Sacaco (East) 
section is terminated by an erosive disconformity 
and overlain by a thin (10-40 cm) bed of jumbled silt- 
stone flagstones, igneous cobbles, worn whale bo- 
nes, Disdnisca brachiopod hash, and abraded acan- 
thinid gastropods shells. The poor sorting, fine grai- 
ned matrix and eclectic assortment of debris indicate 
a rapidly reworked and transported lagoonal beach 
deposit. 

Sandstones overlying the thin debris-laden bed 
contain disarticulated and paired valves of Anadara, 
Dosinia andAmiantis. Chalky coquinas of these pe- 
lecypods are widely exposed at Sacaco (SAO verte- 
brate level, see below). HERM (1969) refers an identi- 
cal assemblage from Chile to an open sandy beach 
environment characteristic of the late Pliocene. A 3.9 
Ma tuff bed lies a few meters below the shell beds. 

Succeeding the shell beds (perhaps disconforma- 
bly) are a set of lithologies that change rapidly in both 
a vertical and horizontal sense. Medium to thick 
bedded fine sandstones are most common with late- 
rally continuous tuff beds being frequently intercala- 
ted near the base of the sands. Crossbedded, shell- 
capped, tuffaceous dunes and undulating gypsum 
horizons replace horizontal beds higher in the sec- 
tion. The uppermost part of the Pisco Formation 
consits of fine sandstone with elongate lenses of 
chalky mollusks (Crepidula, Pitar) that noticeably 
whiten the hills overlooking Sacaco. 

Early Pleistocene sands and gravels contrast shar- 
ply with the Neogene Tuffaceous and finer grained 
sediments. Over 30 meters of these disconformable 
terrace deposits overlie the Pisco section. Intersper- 
sed throughout the gravels are lenticular mounds of 
early Pleistocene mollusks (Mulinia, Eurhornalea, 
Glycymeris ). 

2. Age 

Several lines of evidence show that the Pisco For- 
mation in the Sacaco area spans at least late Miocene 
to latest Pliocene time. Published and unpublished 

K-Ar ash dates (DE MUIZON and BELLON 1980, 1985) 
confirm a late Pliocene age for the uppermost ca. 70 
meters of Pre-Pleistocene section at Sacaco and a late 
Miocene age for basal Pisco sediments at E1 Jahuay. 

A bipartite division of the Pisco Formation can be 
made on the basis of shark teeth (see below). Carcha- 
rodon carcharias, usually a post-Miocene species, is 
found in Sacaco area sections only above the Mioce- 
ne-Pliocene unconformity. Isurus hastalis, generaIly 
a Miocene species, is found in the Sacaco area only 
below the same unconformity. 

Molluscan faunas can be used with less precision 
than K-Ar techniques to date the Pisco Formation. 
Taxa from strata below the Sud-Sacaco (West) un- 
conformity (Turritella praenuncia, Ficus nov. sp., 
Oliva cf. rapelensis, Cancellaria spp.) have a greater 
affinity with Panamic and Chilean Miocene faunas 
than with younger faunas from the same areas. Taxa 
from just above the unconformity (Acanthinonucella 
mirabilis, A. philippi, Chlamys vidali, Fusinus re- 
rnondi, Concholepas kieneri) are only known from 
Pliocene strata in Chile (PHILIPPI 1887; HERM 1969) 
and rarely northern Peru (DEVRIES in prep.). These 
species disappear higher in the section to be replaced 
by Anadara nov. sp. aft. A. chilensis. The only 
known occurrence of this genus on the southern sho- 
res of western South America is in the Pliocene of 
central Chile (HERM 1969). 

Some of these same Pliocene mollusk species have 
been reported from uplifted littoral deposits of sout- 
hern Peru (LAHAR~E 1975; BEAUDET et al. 1976) desi- 
gnated as the La Planchada Formation. It is likely 
that much or all the Pisco Formation above the un- 
conformity at Sud-Sacaco (West) should be correla- 
ted with the La Planchada Formation and may even 
be designated as such. 

The molluscan fauna of the sands and gravels cap- 
ping the Pisco Formation is not exclusively Quater- 
nary but the association (Argopecten purpuratus, 
Glycymeris ovata, Mulinia edulis, Eurhornalea lenti- 
cularis) at such southerly latitudes (15~ is cha- 
racteristic of the time. 

Marine mammals from the Pisco Formation (pre- 
sently under study by C. D~ MuIZON) have been only 
partially described (DE MU~ZON 1978 ; 1981 ; 1983 a, b, 
c; 1984) and consequently are of little use for provi- 
ding an independant measure of age. The presence of 
Delphinus-like periotics near the settlement of Saca- 
co, however, does suggest an age relatively late in the 
Pliocene, consistent with radiometric and inverte- 
brate age determinations. Moreover, the occurrence 
of the same ziphiid Cetacean, Ninoziphius platyro- 
stris, in the SAS vertebrate level (see below) at Sud- 
Sacaco and in the lower Pliocene deposits of the 
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Plate 1. Labial view of edges of Lamnid sharks (Isurus and Carcharodon) found in the Sacaco area to show the transition 
from the non-serrated Isurus hastalis to the strongly serrated Carcharodon carcharias (scale= 1 cm). 
a) C. carcharias (MNHN SAO 153) from Sacaco (SAO level); b) C. carcharias (MNHN SAS 957) from Sud-Sacaco (SAS 
level); c) I. hastalis (MNHN PP168), transitional form from Montemar (MTM level); d) I. hastalis (MNHN PP167), transi- 
tional form from Montemar (MTM level); e) I. hastalis (MNHN PPI 66) from Aguada de Lomas (AGL level). 

Yorktown Formation in North  Carolina indicates a 
lower Pliocene age for the SAS level. 

A fossil marine mammal assemblage was recently 
collected at Cerro la Bruja, 300 km. north of the Sa- 
caco area (CLB vertebrate level; see below). In the 
opinion of one author (C. M.), the vertebrate fauna 
suggests an age older than any yet found in the Sacaco 
area, probably earliest late Miocene or, more likely, 
latest middle Miocene. Considering the thickness of 
Pisco sediments below the CLB site (at least 100 me- 
ters), one may conclude that the Pisco Formation ex- 
tends from the middle Miocene to latest Pliocene, a 
span of about 12 Ma. 

3. Vertebrate fauna 

Five vertebrate levels can be identified in the Pisco 
Formation in the Sacaco area. DE MUIZON (1981) re- 
corded four levels: E1 Jahuay (ELJ), Aguada de Lo- 
mas (AGL), Sud-Sacaco (SAS) and Sacaco (SAO). 
New field observations permit the resolution of an 
additional fifth vertebrate level, the Montemar 
(MTM), which lies stratigraphically between the 
AGL and SAS level. The EL J, AGL and MTM levels 
are late Miocene while the SAS and SAO levels are 
early Pliocene. 

The vertebrate level names derive from localities 
where the fauna is abundant. Our  use of levels only 
implies that vertebrate faunal assemblages can be gi- 

ven a relative temporal order in the Sacaco area. El- 
sewhere around Sacaco the same assemblages may be 
found somewhat higher or lower in the section but 
not out of sequence with respect to other vertebrate 
levels. 

Before considering each level separately, a short 
statement about the Isurus hastalis - Carcharodon 
carcharias shark succession will be useful. I. hastalis 
is a lamnid shark whose teeth generally have a sharp 
but non-serrate triangular crown without lateral 
denticles. C. carcharias is another lamnid shark 
whose teeth are similar to I. hastalis except for being 
strongly serrate. C. carcharias (= C. rondeleti) has 
been regarded as the descendant of I. hastalis (CAslEt~ 
1960). A good demonstration of this can be observed 
in the Sacaco area. Above the inferred Miocene-Plio- 
cene unconformity, in younger vertebrate levels ab- 
ove the 3.9 Ma tuff (SAO) and below it (SAS) (DE 
MUIZON and BELLON 1985), C. carcharias appears 
alone (P1. 1, fig. a, b). At  the MTM level and scatte- 
red throughout the sediments below the unconfor- 
mity, however, a transitional form of I. hastalis is 
found which has very weakly serrate edges (P1.1, fig. 
c, d). This morphologically intermediate form de- 
monstrates a local evolution of I. hastalis to C. car- 
charias by progressive acquisition of strongly serra- 
ted tooth edges. Lower in the section, in vertebrate 
levels associated with tuff beds dated as late Miocene 
(DE MUIZON and B~L~ON 1985), C. carcharias is ab- 
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Geographical area 

AGE 

~ertebrate level 

Taxon 

SELACHII 

Isurus hastalis ....................................... 

Isurus ef. oxyrhu162 ................................ 
Carcharodon carcharias ................................ 

Procarcharodon megalodon .............................. 
Carcharhinus sp. Indet ................................ 

Carcharhinus cf. egertoni ............................. 
C~rcharhinus cf. priscus .............................. 

Svnodontaspis aff. taurus ............................. 
Hexanehus gigas ....................................... 

Myliobatis sp ......................................... 
Heterodontus sp ....................................... 

PristioDhorus sp ...................................... 
Callorhynchus cf. callorhynchus ....................... 

TELEOSTEI 

Triglidae indet ....................................... 
Centropomidae aff. Psamoperca ......................... 
Xiphiidae indet ....................................... 

cf. Xiphiorhynchus .................................... 
Sphyraenidae indet .................................... 
Scombridae indet ...................................... 
Clupeidae Alosinae indet .............................. 

Tetraodontiformes indet ............................... 

Cybiidae indet ........................................ 
Siluriformes cf. Ariidae indet ........................ 

REPTILIA 
Chelonia, Chelonidae indet ............................ 

Crocodilia, Eusuchia indet ............................ 

AVES 

Spheniseidae I indet. (smaller than Sacaco area sp.)... 

Spheniscidae 2 nov. gen. nov. sp. 
(close to Spheniscus) .............................. 

cf. Sula sp ........................................... 
cf. Phalacrocorax sp .................................. 

Scolopacidae cf. Tringinae indet ...................... 
Procellariidae indet .................................. 
cf. Pelagornithidae indet ............................. 

MAMMALIA 
CARNIVORA 

Phocidae 
Monachinae nov. gen., nov. sp. I (different from all 

Sacaco spp. but close to Piscophoca pacifica) ... 

Monachinae nov. gen., nov. sp. 2 (Monachinae I of 
de Mnizon 1981) ................................. 

Monachinae nov. gen., nov. sp. 3 (Monachinae IV of 
de Muizon 1981, close to Acrophoca) ............. 

Monachinae nov. gen., nov. sp. 4 (Monachinae III of 

de Muizon 1981) ................................. 
Acrophor sp .......................................... 
Acrophoca nov. sp ..................................... 
Acrophoca lon~irostris ................................ 
Piseophoca pacifica ................................... 
Monachinae nov. gen., nov. sp. 5 (Monachinae II of 

de Muizon 1981) ................................. 
Undetermined terrestrial Carnivora .................... 

Its I 

CLB 

Sacaco 

Miocene 

AGI 

PI iocem 

MT~ BAS ;AO 
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only I. hastalis and very few I. hastalis transitional 
forms of the lineage, appear (P1.1, fig. e). On the Pe- 
ruvian coast, therefore, C. carcharias constitutes a 
good Pliocene indicator and I. hastalis (including 
transitional forms) a good Miocene indicator. The si- 
tuation was perhaps different on the eastern coast of 
North America, where some C. carcharias-like teeth 

have been discovered in the Choptank Formation 
(late Miocene) of Maryland (R. PURDY, pers. comm. 
to C. M.). 

The oldest vertebrate level in the Pisco beds of the 
Sacaco area is upper Miocene and outcrops at El Ja- 
huay (EL J) (Fig. 2). The vertebrate remains are 
poorly preserved, the bones being often broken and 

EDENTATA 

cf. Megatheriidae nov. gen., nov. sp ................. 

CETACEA 
Pontoporiidae 

Pliopontos littoralis ................................ 

cf. Pontoporiidae fiov. gen., nov. sp. ~ (more 

primitive than Pli0Pontos littoralis) .......... 
cf. Pontoporiid nov. gen., nov. sp. 2 ................ 

DELPHINOIDEA indet. 
Delphinoidea indet. I ................................ 

Delphinoidea indet. 2 (possibly new family) .......... 

Phocoenidae 

Phocoenidae indet, nov. gen., nov. sp ................ 

Phocoenidae Phocoeninae nov. gen., nov. sp. I ........ 
Phocoenidae Phocoeninae nov. gen., nov. sp. 2 ........ 
Piscolithax longirostris .............................. 
of. Piscolithax sp ................................... 

Delphinidae 

Delphinidae Globicephalinae nov. gen., nov. sp ....... 
Delphinidae cf. Delphinus ............................ 
Delphinidae cf. Stenella ............................. 

Monodontidae 

Monodontidae Delphinapterinae indet .................. 

Ziphiidae 

Ninoziphius platyrostris ............................. 
cf. Ziphiidae indet .................................. 

Physeteridae 

Physeteridae 
Physeteridae 
Physeteridae 
Physeteridae 

Physeteridae 

Cetotheriidae 

indet. I ................................ 
indet. 2 ................................ 
indet. 3 ................................ 

Kogiinae indet. I ....................... 
Kogiinae indet. 2 ....................... 

Cetotheriidae nov. gen., nov. sp ..................... 
Cetotheriidae indet .................................. 

Balenopteridae 

cf. Balenoptera sp ................................... 
Balenopteridae nov. sp. I ............................ 

Balenopteridae nov. sp. 2 ............................ 
Balenopteridae nov. sp. 3 ............................ 
Balenopteridae indet. ~ .............................. 
Balenopteridae indet. 2 .............................. 
Mysticeti indet ...................................... 

Table 

+ + 

+ 

+ 

o 
+ 

o 
o + 

- ? 

? ? 
? ? + 

? ? ? 
+ ? 
? ? 

+ 

? ? 

? ? 
? 
+ 

+ ? 

? 
? 

I. - Provisory faunal list of the vertebrate levels described in the text. As several 

+ o 

+ + 

o o 

? 

+) ($ 
? + 

? 
+ 

Legend : 

(+ 

+ 

(+ 

groups have still to be studied in detail, some forms have been qualified as "indet." 

followed, if necessary by a number. Consequently, several signs have been needed 

to translate the incertitudes in some determinations. 

+ taxon has been found 

(+) taxon probably present 

o taxon has not been identified but could be present 
- taxon probably absent 
? no information 
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always dissociated. Only one partial odontocete 
skull has been found at this level. A provisional list of 
taxa is given in Table I. 

The Aguada de Lomas vertebrate level (AGL) is 
upper Miocene. Here, too, the bones are dissociated 
except for large baleen whales which were probably 
too large to be easily disarticulated. Despite the agi- 
tation indicated by vertebrate taphonomy, sedimen- 
tation was rapid enough to bury fragile phocid and 
porpoise skulls and scapulae intact. A provisional list 
of taxa is given in Table I. 

The Montemar vertebrate level (MTM) is to be re- 
garded as terminal Miocene stratigraphically and be- 
cause it coincides with transitional I. hastalis. The 
MTM level outcrops on the Pampa de Montemar 
(Fig. 2) and extends southward to the westernmost 
quebradas of Sud-Sacaco (West) where it occurs be- 
neath the Miocene-Pliocene unconformity. Unlike 
preceeding levels, the MTM level contains numerous 
partially or totally articulated skeletons of seals, 
small baleen whales, and penguins. This preservation 
indicates a quiet depositional environment isolated 
from the open ocean. Articulated skeletons of 
ground sloths and associated bones (axis, astragalus, 
metatarsal) of a terrestrial carnivore (possibly a felid 
or a procyonid) (GINSBUI~O and DE MUIZON in prep.) 
also indicate the proximity of a shoreline. A provi- 
sional list of taxa is given in table I. 

The Sud-Sacaco level (SAS) is the richest in num- 
bers of individuals and species. The presence of 
strongly serrated C. carcharias teeth and the strati- 
graphic position of the level suggest an early Pliocene 
age. Abundant articulated skeletons, even of small 
animals such as penguins, indicate a protected depo- 
sitional environment subject to rapid sedimentation. 
A provisional list of taxa is given in Table I. 

The Sacaco vertebrate level (SAO) is a few meters 
above the 3.9 Ma tuff bed. No  unconformity is yet 
known between the tuff and SAO level so it can be 
reasonably assumed that the SAO level is late early 
Pliocene. In most respects the SAO level is similar to 
the SAS level and the same arguments used for the 
SAS level can be made regarding the depositional en- 
vironment of the SAO level (i.e. protected environ- 
ment with rapid sedimentation). A provisional list of 
taxa is given in Table I. 

At the top of the Pisco Formation at Sacaco, above 
the SAO vertebrate level, several bones of a fur seal 
[Arctocephalus (Hydrarctos) lomasiensis] were found 
by the former owner of the Sacaco property, Sr R. 
MARTIN del BuEY, and later by one of the authors (C. 
M.). This species had been thought to be late Mio- 
cene of very early Pliocene by DE MuIzoN (1978, 
1980), making it the oldest representative of the ge- 

nus and somewhat of an anomaly. Its late Pliocene or 
early Pleistocene occurrence is more in keeping with 
its acknowledged temporal range. Specimens found 
on the surface of outcrops downslope were most li- 
kely displaced. 

Pending further studies, generic or supra-generic 
designations must be applied to all taxa except some 
selachians, some phocids, and some odontocetes 
which have been treated at the specific level by HOFF- 
STETTER (1968) and DE MUIZON (1981; 1983 a, b, c; 
1984). Several vertebrate taxa recur in successive ver- 
tebrate levels. Some probably represent the same 
species; these includeAlosinae indet., cf. Sula sp., cf. 
Phalacrocorax sp., Spheniscidae nov. gen., nov. sp., 
Cetotheriidae nov. gen., nov. sp. and Megatheriidae 
nov. gen, nov. sp. While no detailed studies have, as 
yet, been made of the Sacaco balenopterids, the Mio- 
cene and Pliocene forms seem to be fairly different. 
The cetaceans are presently a subject of study by DE 
MUIZON. 

Within this diverse assemblage of marine vertebra- 
tes surely the most amazing occurrence is that of a 
,,ground sloth,s. As has already been stated by DE 
MuIzoN (1980, 1981), the abundance and excellent 
preservation of associated sloth skeletons strongly 
argues against them being transported long distances 
as suggested by HOFFSTETrER (1968). The near ab- 
sence of other fluvially transported terrestrial mam- 
mals casts further doubt on the transportation hypo- 
thesis. (A notoungulate jaw fragment noted by DE 
MUIZON (1981) must in fact be referred to a phocid 
seal). Moreover, the probable existence of a desert 
climate on the Peruvian coast during the Neogene 
(MAi~occo et al. in press and SEBRI~R et al. in press) 
reinforces the hypothesis favored by DE MUIZON 
(1981) that the sloth was semi-aquatic, resting on the 
beach but entering the water to graze on large algae in 
the same fashion as sirenians. 

Two hundred km north of Sacaco basin lies anot- 
her vertebrate locality, 60 km South of Ica at Cerro la 
Bruja (CLB vertebrate level). The fauna is signifi- 
cantly different from that at any site in the Sacaco ba- 
sin. The presence of Isurus hastalis teeth indicates a 
Miocene age. The preservation of several associated 
skeletons or partial skeletons suggests a fairly quite 
depositional environment. A provisional faunal list is 
given in Table I. The CLB vertebrate level fauna is 
quite differrent from all levels of the Sacaco area. 
Sloths are not found, turtles are present and marine 
mammals appear less specialized than Sacaco forms. 
We tentatively propose that the CLB fauna is older 
than any Sacaco fauna and may be early late Miocene 
or, more likely, late middle Miocene. Further work 
is needed to settle this point. 
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Plate 2. Characteristic mollusks of the Pisco Formation in the Sacaco area (scale = 1 cm). 
a) Ficus nov. sp. ; b)Acanthina (Acanthinonucella philippi (MoRICKE 1896); c)Acanthina (Acanthinonucella) mirabilis (Mo- 
RICKE 1896); d) Crepidula (Crepipatella) uncinatus PHILIrP11887; e) Concholepas kieneri (HEPE 1854); f) Crepidula (Crepi- 
patella) dilatata (LAMARCK 1822). 

4. Molluscan faunal succession 

Mollusks from the Pisco Formation and overlying 
early Pleistocene terrace deposits include a number 
of genera that are quite long-ranging (Dosinia, 
Amiantis, Concholepas, Acanthina). Nevertheless, 
faunal assemblages are distinct from one horizon to 
the next in the Sacaco section. In many cases it re- 
mains to be shown whether successive molluscan as- 
semblages are truly temporal replacements of newly 
evolved or introduced faunas or merely ecological 
manifestations of contemporaneous faunas. Since the 
former case seems defensible in some instances, we 
offer the following provisional molluscan zonal 

scheme. When appropriate, the vertebrate levels are 
correlated with the molluscan zones. It must be em- 
phasized, however, that this biostratigraphic scheme 
is so far tested only in the Sacaco area. 

1. Ficus zone. Base: first appearance of Ficus nov. 
spp. Top: first occurrence ofAcanthinonucella spp. 
Comments: Ficus nov. spp. (e.g. P1.2, fig. a) might 
well have extended to the base of the Aguada de Lo- 
mas and E1 Jahuay sections but have been overlooked 
or absent for ecological reasons. Higher in the sec- 
tion Ficus nov. spp. are virtually absent above the 
Miocene-Pliocene unconformity at Sud-Sacaco 
(West). Practically speaking, the Ficus zone is expec- 
ted to encompass all of the Miocene rocks in the Sa- 
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caco area. Other taxa characteristic of the Ficus zone 
are Turritella praenuncia, Polinices cf. rapelensis, 
Stigmaulax sp., Oliva cf. rapelensis and Concholepas 
nov. sp. Long ranging taxa include Dosinia, Amian- 
tis, Diloloma, Arnaea and Sinum. 

Three vertebrate levels are included within the Fi- 
cus zone: ELJ, AGL and MTM. Molluscan assem- 
blages from each vertebrate level are somewhat dif- 
ferent but the zonal utility of these differences is not 
yet demonstrated. 

2. Acanthinonucella zone. Base: first appearance 
of Acanthinonucella spp. Top: first appearance of 
Anadara nov. sp. Comments: the base of this zone 
eventually may be extended to the Miocene-Pliocene 
boundary marked by the unconformity at Sud-Sa- 
caco (West). The top of the zone lies far above the last 
known occurrence of Acanthinonucella spp. (P1. 2, 
fig. a, c); these muricids are probably absent from the 
crab-bearing siltstones of Sud-Sacaco (East) for eco- 
logical reasons. It remains to be determined if the 
muricids are absent from the entire Anadara zone 
(see below) for the same sorts of reasons. 

Associated taxa include Chlamys vidali, Concho- 
lepas kieneri (P1.2, fig. e), Trochidae nov. gen., nov. 
sp. and Anomia spp. Taxa common to this and the 
following zone (Anadara zone) include Acanthina 
nov. sp., Fusinus remondi and Eurhomalea fuenzali- 
da. Every named species is typically Pliocene. The 
zone also includes within it the SAS vertebrate level. 
In the uppermost beds scattered vertebrate remains 
include one bone of a sirenian. 

3. Anadara zone. Base: first appearance of Ana- 
dara nov. sp. aft. A. chilensis. Top: first appearance 
of Crepidula (Crepipatella) uncinatus. Comments: if 
Anadara briefly invaded Peruvian and Chilean wa- 
ters during the latter half of the early Pliocene, as se- 
ems probable (DeVRI~S in prep.), it may be restricted 
to a short interval of the Pisco Formation and not ap- 
pear in earlier Pliocene deposits of the Acanthinonu- 
celia zone. the uppermost occurrence of Anadara 
more or less coincides with the last occurrence of 
Arniantis dorneykoana, Dosinia ponderosa, and a va- 
riety of chorids and trophonids. Species of the Ana- 
dara zone that range into the Quaternary at Sacaco 
include Eurhomalea lenticularis, Mulinia edulis, 
Cancellaria buccinoides and Sinum cymba. Included 
within theAnadara zone is the SAO vertebrate level. 

4. Crepidula uncinatus zone. Base: first appea- 
rance of Crepidula uncinatus. Top: first appearance 
of Crepidula (Crepipatella) dilatata. Comments: 
Crepidula uncinatus (P1. 2, fig. d) has been pre- 
viously reported only from the Pliocene of Chile 
(PHILIPPI 1887). At Sacaco it occurs in vast numbers 
together with many fewer Cardita sp., Transennella 

sp., Mulinia edulis and Cancellaria buccinoides. This 
is the least diverse and least equably distributed of all 
molluscan faunas in the Sacaco area. Vertebrates are 
almost unknwon from this zone; only occasional 
bones of sea lions have been found. No  formal verte- 
brate level has been defined within the Crepidula un- 
cinatus zone. 

5. Crepidula (Crepipatella) dilatata zone. Base: 
first appearance of Crepidula dilatata (P1. 2, fig. f). 
Top." last occurrence of Cyclinella subquadrata. 
Comments: this zone is most easily recognized by 
the overwhelming abundance of Mulinia edulis and 
the lesser numbers of Argopecten purpuratus, Gly- 
cymeris ovata, Oliva peruviana and Eurhornalea len- 
ticularis. Since all these species persist to the present 
day, none are useful in defining the upper boundary 
of an early Pleistocene zone. Thus, the upper limit is 
tentatively set at the last occurrence of Cyclinella 
subquadrata, a modern Panamic species unknown in 
southern Peru or Chile since early Quaternary times. 
Since the range of the latter species is quite probably 
climate controlled it is likely that this last zonal 
boundary is time transgressive from south to north 
along the western margin of South America. The 
boundary is also something of an outcrop artifact in 
the Sacaco area because the early Pleistocene section 
extends no higher than the terrace surface at about 
200 meters elevation. 

5. Discussion 

Neogene clastic sediments in the Sacaco area were 
deposited in a basin peripheral to the much larger 
Pisco-Ica forearc basin, one of several such basins ex- 
tending from the Gulf of Guayaquil (Ecuador) to 
southern Chile (THot~NBURC and KULM 1981; 
DEVRIES, STOTT and ZINSMEISTER in press). The Sacaco 
basin geometry evolved through the Neogene as the 
coast subsided, the seaward side opening up as be- 
drock topography was buried. Sedimentation pat- 
terns and faunal assemblages consequently changed. 
One might expect similar changes to have taken place 
in the larger forearc basins. 

The early Miocene, late Miocene and early Plio- 
cene configuration of the coastline was controlled by 
an early Neogene coastal plain topography carved 
from crystalline basement (Fig. 4). Rocky headlands, 
small islands interconnected with one another and 
the mainland and freestanding stacks dominated 
much of the shoreline (D~ MuIZON 1981). Vertebrate 
faunas at Sud-Sacaco (West) contain numerous pen- 
guins and sloths, indicating the proximity of elevated 
rocky platforms suitable for an epibenthos capable of 
sustaining semiaquatie sloths. The abundance of cir- 
ripedians and epibenthic mollusks is further evidence 
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Fig. 4. Generalized reconstruction of bedrock topography and neogene strate in the Sacaco basin. Principal lithologies and 
unconformities are shown, as are approximate stratigraphic positions of vertebrate levels. Features from widely spaced, 
temporally successive sections have been consolidated along a single transect perpendicular to the coast. 
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of wide expanses of rocky intertidal and shallow sub- 
tidal habitats. 

The areal extent and depth of late Miocene em- 
bayments were largely independent of coastal pro- 
cesses which produce detrital landforms. At that 
time it was possible to find expanses of shallow water 
far from land, yet still protected from the open ocean 
by basement subaerial highs. At Aguada de Lomas 
this kind of bay supported populations of seals, ceta- 
ceans, sea birds and fishes. By 4 Ma ago most of the 
crystalline bedrock had been buried beneath 10-250 
meters of detrital sediment and volcanic ash (Fig. 4). 
The coastline in early Pliocene time was characteri- 
zed by broad sandy beaches connecting low bedrock 
pinnacles and shallow barrier lagoons. The abun- 
dance of fragile crab carapaces, inarticulate brachio- 
pods and fish debris in a structureless (bioturbated?) 
siltstone at Sud-Sacaco (East) indicate shallow 
depths, limited fetches and appreciable productivity. 
A single manatee bone from the upper lagoonal level 
suggests that the waters were warm and reinforces 
the notion that the lagoon was fairly productive. 

Lagoons disappeared later in the Pliocene, perhaps 
because subsidence rates changed or because bedrock 
anchors for protective sandy beaches were comple- 
tely buried. The late early Pliocene Sacaco beds are 
much coarser than those of Sud-Sacaco (East). 
Odontocete periotics, shark teeth and fragmented 
whale bones are found in well-defined horizons, 
probably concentrated by persistent but moderate 
energy wave action. Entire whale, odontocete and 
seal skeletons occur in interbedded sandstones and 
shelly sandstones. The molluscan genera (Anadara, 
Dosinia and Amiantis) belong to an open sandy be- 
ach assemblage according to Het<~a (1969). We con- 
clude that the Sacaco deposits below the top of the 
Anadara zone represented a barred beach system 
(HUNTER et al. 1979). The complex of open beaches, 
oblique bars and elongate interbar channels could 
have provided the range of moderate and 
high-energy depositional settings seen at Sacaco. 

The latest Pliocene coastal environments at Sacaco 
are puzzling. Vertebrates are virtually absent; mol- 
luscan assemblages are dominated by a few species; a 
rolling relief of gypsum- and shell-capped tuffaceous 
crossbedded sediments is widespread. This enigma- 
tic interval is overlain by typical regressive terrace 
gravels and Quaternary molluscan faunas. 

6. Faunal Affinities 

Vertebrates: the vertebrate fauna of the Pisco 
Formation presents some interesting similarities 
with contemporaneous vertebrate assemblages from 
the eastern and western shores of North America. At 

least four (possibly six) species of marine mammals 
from the Sacaco area are found in the deposits of the 
Yorktown Formation at Lee Creek Mine in North 
Carolina. (The cetaceans from North Carolina are 
currently being studied by F. W•ITMORE; the phocids 
and otariids by C. E. RAY). Periotics of a small Pon- 
toporiidae from the upper Miocene ELJ vertebrate 
level (Peru) are very similar to the Atlantic specimen, 
especially in the strong thickening of the superior 
process on the dorsal face of the bone and in the great 
diameter of the round window. Other Atlantic pon- 
toporiid periotics are referble to Pliopontos littoralis 
DE MUIZOI,,r 1983a. Some Atlantic ziphiid remains 
(periotics and mandibular symphysis extremity) be- 
long to Ninoziphius platyrostris DE MuIzoN 1983c. 
Both species are exclusive to the earliest Pliocene SAS 
vertebrate level near Sacaco. Kogiid periotics of a 
new taxon larger than those of living Kogia are com- 
mon to both the Lee Creek Mine and the SAO verte- 
brate level (late early Pliocene) at Sacaco. SeveralSte- 
nella- and Delphinus-like periotics occur in both the 
Yorktown Formation (eastern USA) and the SAO 
vertebrate level (Peru). These periotics have not yet 
been found in the older SAS vertebrate level. Finally, 
the Monachinae I of De MUIZON (1981), a small Mo- 
nachini which shows affinities with Properiptychus 
argentinus (middle Miocene, Paran~ basin, Argenti- 
na) and with Pristiphoca vetusta (middle Miocene, 
Vienna basin, Austria) also seems to be present in the 
Yorktown Formation at Lee Creek Mine (see z)~ 
MuIzoN and BOND 1982). 

These correlations of marine vertebrates from 
Peru and the eastern United States indicate that the 
Yorktown Formation could be partially upper Mio- 
cene in age. Furthermore, the lower Pliocene York- 
town record might contain two biostratigraphically 
distinct levels that have yet to be recognized as they 
have been in Peru. 

There is little similarity between Peruvian taxa and 
western North American vertebrate taxa as described 
by BARNES (1972, 1973, 1976, 1978). However, two 
Phocoenidae from the Almejas Formation (latest 
Miocene) of Cedros Island (Baja California, Mexico) 
are referred to the genus Piscolithax (BA~NZS 1984) 
which is abundant in the early Lower Pliocene SAS 
vertebrate level near Sacaco. 

The preferential affinities of the Peruvian marine 
mammal fauna with the fauna of eastern North Ame- 
rica has also been noted by DE MUIZON and DOMNING 
(in press); they assign a sirenian from the Montera 
Formation (middle Miocene, northern Peru) to Me- 
taxytheriurn calvertense, an early to middle Miocene 
form from the east coast of North America, which is 
absent from the West coast. 
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The paleoclimatologic affinities of the vertebrate 
fauna are not easy to determine when considering the 
mammal species. However, fish and reptile faunas of 
all six levels defined here indicate elevated water 
temperatures contrasting with the coolness of the 
present Peruvian waters. The presence of the genera 
Carcharodon, Procarcharodon, Synodontaspis, Car- 
charhinus and Heterodontus, among others, eviden- 
ces tropical or subtropical waters; this is corrobora- 
ted by the presence of Teleostean fishes such as Arii- 
dae and Tetraodontiforms living in recent tropical 
waters and by the occurrence of a littoral crocodile. 
The high temperature of the Sacaco waters is also 
partially confirmed by the molluscan fauna (see be- 
low and D~ MUIZON 1981), by the crustacean fauna 
and is in agreement with depositional environment 
and tuff petrography (D~ MUIZON & BELLON 1985). 

Mollusks: the radical Miocene-Pliocene and Plio- 
cene-Pleistocene molluscan faunal turnovers in we- 
stern South America noted by PHILIPPI (1887), I~r- 
RiNG (1907) and H~RM (1969) are also seen in the Sa- 
caco basin section. Extinctions, however, might not 
have been as abrupt as the Chilean record indicates. 
No  late Miocene molluscan faunas have been descri- 
bed from Chile. Thus, the middle Miocene Navidad 
assemblage stands in sharp contrast with the super- 
cedent Pliocene La Cueva assemblage (HEt~M 1969). 

In Peru, the contrast is not as marked. Some taxa 
from theFicus zone are similar to the Navidad fauna 
(Polinices, Oliva, Stigrnaulax, ?Ficus) suggesting that 
a ~tropical,, influence persisted, but many of the 
)~tropical,, genera (Conus, Cypraea, Distorsio) are 
absent. Furthermore, much of the Sacaco Miocene 
invertebrate fauna continues into the Pliocene. One 
might conclude that Tethyan genera singly disappea- 
red throughout the middle and late Miocene, as 
ocean temperatures decreased and southern Peru and 
Chile became thermally isolated from the equatorial 
region. 

The classic Pliocene fauna of central Chile (Chorus 
spp., Acanthinonucella spp., Chlamys spp., Dosinia 
ponderosa, etc.) was equally well developed in 
south-central Peru. As in the case of the Miocene 
fauna, the extinction or replacement of Pliocene spe- 
cies by Pleistocene species was not as abrupt nor as 
simple as the Chilean record indicates. The differen- 
ces we note in Peru (persistence of Cyclinella sub- 
quadrata andAnadara cf. grandis into the early Plei- 
stocene and development of a transitional Pliocene- 
Pleistocene fauna (Crepidula uncinatus zone) are due 
to Peru's proximity to Panamic provincial waters and 
to the greater stratigraphic resolution afforded by the 
Sacaco sections. 

Conclusions 

1. The Pisco Formation in the Sacaco area ranges 
from the late Miocene (about 10 Ma) to the latest 
Pliocene (about 2 Ma). Older Miocene sediments 
probably lie outside the Sacaco basin, within the 
Pisco and Ica basins. Early Pleistocene terrace depo- 
sits lie above the latest Pliocene strata. 

2.Tuffaceous clastic sediments of the Sacaco area 
sequence were deposited in semi-protected and pro- 
tected subtidal, littoral and lagoonal environments 
on a subsiding coastal platform. 

3. Three late Miocene vertebrate levels and two 
early Pliocene vertebrate levels include a rich assort- 
ment of selachians (Isurus, Carcharodon, Procarcha- 
rodon, Carcharhinus, Myliobatis), marine birds 
(Spheniscidae, Procellariidae, Scolopacidae, Sulidae, 
Pelagornithidae, Phalacrocoracidae) and marine 
mammals (Cetacea, Phocidae). Also represented are 
teleostean fishes, reptiles and a semi-aquatic edentate 
(Megatheriidae). Another vertebrate level probably 
of middle Miocene age has been recorded in the Ica 
region. 

4. Five provisional molluscan zones have been de- 
fined that span the Sacaco rock record. Muricids and 
venerids are the predominant invertebrates in assem- 
blages that also include arcid, trochid and cancella- 
riid mollusks and a variety of cirripedians, decapods 
and brachiopods. 

5. Some cetacean taxa from late Miocene and early 
Pliocene deposits near Sacaco are also found in the 
Yorktown beds of eastern North America, sugge- 
sting that the Yorktown Formation may include he- 
retoforth unrecognized Miocene sediments. There 
seems to have been a free interchange of nektic fauna 
between the western Atlantic and southeastern Paci- 
fic via the Caribbean during the late Miocene. In con- 
trast, interchange of faunas with the western coast of 
North America seems to have been less common. 

6. Although the vertebrate fauna clearly indicates 
elevated temperatures of the Mio-Pliocene Peruvian 
waters, tropical elements of the late Miocene Sacaco 
molluscan fauna are less common than in middle 
Miocene Chilean faunas. The Pliocene Sacaco fauna 
and the Pliocene Chilean fauna are nearly identical. 
Early Pleistocene assemblages indicate a rather sud- 
den shift towards modern cooler conditions along 
the southern Peruvian coast. 
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