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ABSTRACT

Integration of sequence stratigraphy, magnetostratigraphy, Ar/Ar
dating, and paleontology considerably advances knowledge of the Late
Cretaceous—early Paleogene chronostratigraphy and tectonic evolution
of Bolivia and adjacent areas. The partly restricted marine El Molino
Formation spans the Maastrichtian and Danian (~73-60.0 Ma). Depo-
sition of the alluvial to lacustrine Santa Lucia Formation occurred be-
tween 60.0 and 58.2 Ma. The widespread erosional unconformity at the
base of the Cayara Formation is 58.2 Ma. This unconformity separates
the Upper Puca and Corocoro supersequences in Bolivia, and is thus
coeval with the Zuni-Tejas sequence boundary of North America. The
thick overlying Potoco and Camargo formations represent a late
Paleocene—Oligocene foreland fill.

The onset of shortening along the Pacific margin at ~89 Ma initially
produced rifting in the distal foreland. Santonian—~Campanian
eastward-onlapping deposits indicate subsequent waning of tectonic
activity along the margin. Significant tectonism and magmatism re-

‘sumed along the margin at ~73 Ma and produced an abrupt increase in

subsidence rate and other related phenbmena in the basin. Subsidence
was maximum between ~71 and ~66 Ma. Due to the early Maastricht-
ian global sea-level high, marine waters ingressed from the northwest
into this underfilled basin. Subsidence decreased during the Late
Maastrichtian and was low during the Danian. It increased again in the
latest Danian, for which a slight transgression is recorded, and peaked
in the early Selandian. Tectonism between 59.5 and 58.2 Ma produced
a variety of deformational and sedimentary effects in the basin and cor-
relates with the end of emplacement of the Coastal batholith. The sub-
sequent 58.2 Ma major unconformity marks the onset of continental
foreland hasin development, which extended into Andean Bolivia dur-
ing the late Paleocene~Oligocene interval. This basin underwent inter-
nal deformation as early as Eocene time in the Altiplano and Cordillera
Oriental. These early structures, previously assigned to the late
Oligocene—early Miocene orogeny, probably accommodated observed
tectonic rotations in the Eocene-Oligocene.
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INTRODUCTION

The Andean basin of South America was an underfilled foreland basin of
the early Andes in the Late Cretaceous and Paleogene. Periodic marine con-
nections with the Caribbean region occurred in the Maastrichtian—Danian
(Fig. 1). Due to considerable eastward propagation of deformation since the
late Oligocene, Bolivia has excellent exposures of Cretaceous and Cenozoic
strata, including rocks suitable for paleomagnetic studies and Ar/Ar dating.

‘We summarize and update the Late Cretaceous—early Paleogene stratig-
raphy of Bolivia and adjacent areas. In particular we provide a detailed
chronostratigraphy of the Maastrichtian and Paleocene strata of the central
Andean basin that integrates magnetostratigraphy, Ar/Ar dating, sequence
stratigraphy, and paleontology. Qur magnetostratigraphic study is the first
for the Maastrichtian and the second for the Paleocene in South Amen~It
encompasses ~17 m.y. and is the most complete, to date, for this continent.
The results allow the position of the Cretaceous-Tertiary (K-T) boundary to
be constrained within ~43 m in our reference section and provide geo-
chronologic calibration of fossiliferous strata across the boundary.

Although knowledge of the stratigraphy, basin geometry, and deforma-
tion has improved in the past 10 yr, early Andean tectonic history remains
imprecise. Our chronostratwraphy of the Late Cretaceous—early Paleogene
infilling of the paleo-Andean foreland basin provides a refined chronology
of the early tectonic evolution of the basin. We demonstrate that the major
tectonic event that initiated development of the late Paleocene-Oligocene
foreland basin occurred between 59:5 and 58.2 Ma, and cprrelaté this initi-
ation with tectonic events in the Pacific and North America.

GEOLOGIC CONTEXT

Knowledge of the Phanerozoic evolution of the central Andean region
was summarized by Sempere (1995). Subsidence in the Andean basin was
initiated in the early Paleozoic and reactivated at various times during the
Phanerozoic in response to the tectonic evolution along the western margin
of South Ameri~During most of Silurian to Paleogene time, Bolivia was lo-
cated at the southern tip of a longitudinal subsident' domain that was paral-
lel to the Pacific margin of South America and generally deepened toward

. the north or northwest along its axis (Fig. 1). Throughout this time, this do-

main remained bounded to the south by the Sierras Pampeanas massif in
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northwest Argentina. An important consequence of this geometry is that, at
least from Silurian to Danian time, marine waters transgressed into Bolivia
from the north or northwest.

The Potosi basin of Andean Bolivia, which had endorheic infilling dur-
ing the Late Jurassic—Early Cretaceous, became the southern portion of the
central Andean back-arc basin in mid-Cretaceous time (Sempere, 1994).
The Potosf basin evolved as the distal part of the wide, underfilled foreland

- basin of the emerging Andes in Senonian—middle Paleocene time, and as

their continental, external foreland basin during the late Paleocene—early
Oligocene. Some western areas of the Potos{ basin underwent locally sig-
nificant deformation as early as Eocene time, while foreland sedimentation
continued. Eastward propagation of Andean deformation increased consid-
erably after the late Oligocene (Sempere et al., 1990).

A number of tectonostratigraphic domains were displaced and shortened,
sometimes considerably, during the Andean orogeny (Sémpere, 1995).

- Neighboring points separated by boundary faults between domains (Fig: 1)

were usually more distant at the time of their pre-Neogene sedimentation.

'+ The pronounced Andean shortening explains why facies, thicknesses, and

other characteristics of many rock units sometimes change substantially
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Figure 1. Neogene structural sketch map of the central Andes (sim-
plified after Sempere, 1995) and localities mentioned in text. C—
Cochabamba, Ca—Camargo, Ch—Chita, Cu—Cuzco, M—Maragua,
0—Otavi, P—Potosi, PG—Pampa Grande, PP-—Pajcha Pata, S—
Salta, SC—Santa Cruz, T—Tiupampa, To—Torotoro, V—YVilcapujio,
Vq—YVilquechico. Hatched—western Andean belt; Spanish abbrevia-
tions for faults: CALP—Cabalgamiento Altipldnico Principal;
CANP—Main Andean thrust; CFP—Main Frontal thrust; FAT—
Aiquile-Tupiza fault; SFK—Khenayani fault system; wide stippled
line—Khenayani-Turuchipa paleostructural corridor. Fine stippled
lines are political borders. Inset: Late Cretaceous Andean basin (black)
and location of map (box) within South America.

over what are now short distances. For this reason, the boundaries of the
main tectonostratigraphic domains distinguished in Bolivia are illustrated
on the paleogeographic maps of this paper, although they were generally not
active at the time of deposition. ‘

The southern half of Andean Bolivia is crossed by a northeast-striking
major tectonic element, the Khenayani-Turuchipa paleostructural corridor
(CPKT in Fig. 1), which appears to have influenced Phanerozoic sedimen-
tation and deformation in southwestern Bolivia (Sempere et al., 1991).
Thicknesses of Cretaceous-Paleocene units are notably greater northwest
of the Khenayani-Turuchipa paleostructural corridor (Sempere, 1994).

LITHOSTRATIGRAPHY

The stratigraphic units discussed in this paper (Fig. 2) belong to the Up-
per Puca supersequence (Senonian-late Paleocene) and to the lower half of
the Corocoro supersequence (late Paleocene-Holocene) (see Sempere,
1990, 1995). Most of these units were defined by Lohmann and Branisa
(1962) in the Potosi region. Marginal areas, such as the Cochabamba region
and Camargo syncline, contain facies and stratigraphic units somewhat dif-
ferent from the Potos{ region. Age determinations were discussed by Jaillard
and Sempere (1989, 1991), Sempere (1990, 1994), Gayet et al. (1991), and
are discussed in this paper. Regional correlations are shown in Figure 3 and
are discussed below. The stratigraphy, paleogeography, and tectonic context
of this mainly continental Senonian—Oligocene succession indicates depo-
sition in the axial to distal part of the Andean underfilled foreland basin dur-
ing a warm subtropical climate. Alternation of lithologic units between car-
bonates and greenish mudrocks, and red mudstones and sandstones,
suggests significant influence of climatic variations.

In the depocenter of the Potos{ basin, the Upper Puca supersequence is
underlain by the Miraflores Formation of Cenomanian—Turonian age. This
unit consists of mostly marine limestones and subordinate marls, is less than
30 m thick, and was deposited during a tectonically quiescent period. The
Miraflores transgression was the first to reach Bolivia since the Permian, and
was related to the Cenomanian—Turonian global sea level high (Haq et al.,
1987). The Miraflores—Upper Puca boundary is marked by the change from
carbonates to pelitic mudrocks as predominant facies, accompanied by an
abrupt increase of the sedimentation rate, and is estimated to be latest Tur-
onian age (~89 Ma) (Jaillard and Sempere, 1991; Sempere, 1994).

Geographic distribution of the Upper Puca units indicates that, unlike the
pre-Senonian deposits, sedimentation rapidly onlapped toward the external
areas during this time interval. Depending on locality, the Upper Puca over-
lies Turonian, Cenomanian, or ?Albian strata (Jaillard and Sempere, 1991;
Sempere, 1994); fluvio-eolian sandstones of Middle Triassic-Jurassic age
(Ravelo, Yantata, or Beu formations) (Oller and Sempere, 1990; Sempere,
1995); locally deformed Paleozoic strata (mostly Ordovician and Silurian,
and locally Devonian to Permian); or the Precambrian basement (in the
northwest Altiplano). In the northwesternmost part of the Alto Beni Sub-
andean belt and in the Santa Cruz area (Fig. 1), Cretaceous sedimentation
began to onlap Jurassic deposits in late Campanian or Maastrichtian time.

During the Late Jurassic—early Oligocene interval, a large part of the
wide Subandean-Llanura domain was covered by silcretes that developed
upon the Jurassic Ichoa, Yantata, and Beu formations. These units were pe-
riodically gently uplifted and eroded when forebulges formed in response
to shortening along the Pacific margin, and produced light-colored sands
and clasts of silicified sandstone that were transported westward and north-
westward into the basin. Such deposits are especially prevalent in early
Maastrichtian and late Paleocene deposits (Sempere, 1994; and below).

The Upper Puca supersequence is normally overlain by the Cayara For-
mation, which is the lowermost unit of the Corocoro supersequence. This
boundary is a significant unconformity, generally erosional and locally an-
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gular (Marocco et al., 1987). Its age was known to be close to the Paleocene-
Eocene boundary (Jaillard and Sempere, 1991) and thought to be possibly
earliest Eocene (Marshall and Sempere, 1991); we demonstrate below that
it is late Paleocene (58.2 Ma). This boundary marks the onset of Andean Bo-
livia functioning as a continental, external, “classic” foreland basin, proba-
bly resembling the present-day Chaco-Beni basin (Marshall and Sempere,
1991; Sempere et al., 1989). The overlying, partly equivalent Potoco and
Camargo formations represent the corresponding late Paleocene—Ohgocene
basin fill and record the evolution of this foreland basin.
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Figure 2. Stratigraphic columns illustrating rock types and thick-
nesses (same scale for both) of the Late Cretaceous to Eocene strata
from parts of the Potosi basin, Data concerning the Aroifilla to Cayara
formations are from the classic Miraflores syncline near Potosi. Be-
cause most of the Potoco-Camargo set is absent from the Miraflores
syncline, data concerning these units are from the Camargo syncline
(modified after Ponce de Le6n, 1966). Abbreviations: Fm—formation,
L—Lower, M—Middle, U—Upper. Lithologic symbols: 1-—conglom-
erates and conglomeratic sandstones, 2—sandstones, 3—mudrocks,
4—carbonates, 5—channels, 6—evaporites, 7—rooting, 8—predomi-
nant brown-reddish color, 9—predominant greenish, grayish, or
whitish, color. Time scale follows Cande and Kent (1992, 1995).

Upper Puca Stratigraphy (Latest Turonian-Early Selandian,
~89-58.2 Ma)

The Upper Puca supersequence is a 200-1200-m-thick sedimentary suc-
cession dominated by red mudstones, containing some conspicuous units
consisting of green marls, fossiliferous limestones, and evaporitic bodies
(Fig. 2). In the Potos{ basin, the main Upper Puca units are the Aroifilla,
Chaunaca, El Molino, and Santa Lucfa formations (and their time equiva- -
lents). The fauna listed for this stratigraphic set includes continental and ma-
rine taxa (Gayet et al., 1991). On the basis of studies by Sempere et al.
(1987, 1989), Jaillard and Sempere (1989), Jaillard et al. (1993), Sempere
(1994), Gayet et al. (1993), and this paper, 11 sequences of regional strati-
graphic value are currently recognized in the Upper Puca (Fig. 2).

Aroifilla Formation (Latest Turonian—Coniacian, ~89 to ~86 Ma). The
Aroifilla Formation consists mainly of orange-red mudstones and subordi-
nate evaporites and fine-grained red to green laminated sandstones, often
with halite crystal casts. To the east, as at Maragua, thicker and more nu-
merous red sandstone beds are intercalated in the Aroifilla mudstones, geo-
graphically forming a lateral transition with the Torotoro Formation, which
crops out to the east. These facies are distributed in two sequences, namely
the Lower Aroifilla (latest Turontan—early Coniacian) and the Upper
Aroifilla (late Coniacian, and possibly earliest Santonian). The upper part of
each sequence is'significantly richer in evaporites and, in some specific ar-
eas, the upper Lower Aroifilla characteristically consists of a thick evapor-
itic body.

The evaporites in outcrops include gypsum beds, breccias, stratabound
bodies, pink-brown gypsiferous mudstones, anhydrite nodules transformed
to gypsum, and halite crystal casts and efflorescences. Gypsum facies indi-
cate primary subagueous precipitation as well as early diagenetic crystal-
lization (Rouchy et al., 1993). Furthermore, an exploration well drilled a
2300-m-thick halite mass (very probably a diapir) south of Lake Poopé.
Halite-bearing gypsum diapirs intruding Cenozoic strata are known in sev-
eral areas of the Bolivian Altiplano, and might have remobilized evaporites
from Aroifilla time-equivalent units.

Coarse sandstones or conglomerates (including mafic volcanic clasts) are
locally present at the base of the Aroifilla and basaltic flows are interbedded
in the Lower Aroifilla at several localities. Thin light green to white tuffa-
ceous beds are known in several sections. The Aroifilla was deposited in a
distal alluvial to salt-lacustrine (playa-lake) environment. Its thickness is
highly variable, unlike the overlying Chaunaca Formation.

Chaunaca Formation (Santonian~Campanian, ~86 to ~73 Ma).
Three sequences are recognized in the Chaunaca Formation: the Lower
Chaunaca (Santonian), the Middle Chaunaca (early Campanian), and the
Upper Chaunaca (middle and late Campanian, and possibly earliest Maas-
trichtian). Like the underlying Aroifilla, the Chaunaca was mainly deposited
in distal alluvial to salt-lacustrine (playa-lake) environments but shows
much less thickness variation than the Aroifilla.

The base of the Chaunaca Formation is conventionally the base of a
30-m-thick guide level, called the “basal limestone™ of the Chaunaca, which
consists of a fossiliferous intercalation of green marls, laminated gray lime-
stones, and black shales (locally bearing galena or sphalerite crystals, and/or
malachite or azurite stains), and yellow dolomites. Palynology indicates a
Santonian to earliest Campanian age for this level (Pérez, 1987), in which

" the organic matter is of types Il and III (Blanc-Valleron et al., 1994). Corre-

lations with Peru suggest that it is early Santonian (Jaillard and Sempere,
1989). The upper part of the Lower Chaunaca consists of pink-brown gyp-
siferous mudstones (see Rouchy et al., 1993).

The Middle Chaunaca consists of red-brown mudstones that are biotur-
bated toward the top. The base of the Upper Chaunaca is a 15-m-thick level
of green marls and thin limestones that resembles the basal limestone and is
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called “upper green level.” It correlates in Peru with a similar level of mid-
dle Campanian age. Because of its age, the upper green level is likely to be
related to the middle Campanian global highstand (Haq et al., 1987). The
upper part of the Upper Chaunaca consists of red-brown mudstones in
which paleosols are increasingly frequent upward.

The two green levels, at the base of the Lower and Upper Chaunaca, are
only present along the basin axis and thin out toward the west and east. Both

- mark transgressions of water bodies for which a restricted marine environ-
ment is favored. Both have similarities to the marine-influenced facies of the
overlying El Molino Formation and correlate to similar marine guide levels
in southemn Peru, one of which yielded ammonites (Jaillard and Sempere,
1989; Sempere, 1994). The basal limestone has a marine bivalve and fish
fauna (Gayet et al., 1993) and, in its lower portion, black shales, which are
common at the base of marine transgressive deposits (Wignall, 1991). Be-
cause no particular sea-level high is known from the early Santonian, it is
probable that deposition of the basal limestone was brought about by a sud-
den increase in tectonic subsidence (Sempere, 1994).

Facies in the five Aroifilla-Chaunaca sequences are arranged in the fol-
lowing order (type sequence): (0) sharp lithologic contact; (1) green marls,
black shales and carbonates (more dolomitic toward the top); (2) brown-
red mudstones with rare paleosols and/or evaporites; (3") evaporite-bearing
brown-red mudstones grading to evaporite beds, or (3”) brown-red mud-
stones with abundant rooted paleosols (occurrences of facies 3’ or 3” de-
pending on paleoclimate). This type sequence is interpreted as produced by
(1) transgression of a restricted marine water body, and subsequent pro-

gressive regression, (2) establishment of very shallow lacustrine conditions
evolving toward (3") desiccation of concentrated brines and hypersaline
waters under an arid climate, or (3”) immersion by progradation of distal
alluvial facies with vegetation. Each of the five sequences is interpreted to
have been deposited in all or some of these environments, The first three
sequences end with the development of evaporites, whereas the last two end
with the development of vegetated soils, suggesting change from a drier
climate during Coniacian and Santonian time to a more humid climate in
the Campanian. Superposition of the five Aroifilla-Chaunaca sequences is
believed to have been controlled by variations in foreland subsidence, sim-
ilar to that documented below for the Maastrichtian-Paleocene interval
(Sempere, 1994).

Torotoro Formation (Coniacian~Campanian, ~87 to ~73 Ma). In the
northeastern and southeastern parts of the Potos{ basin, the Torotoro Forma-
tion is a sandy lateral equivalent of both the Aroifilla and Chaunaca forma-
tions deposited in fluvial and alluvial plain environiients. It usually onlaps
Paleozoic strata toward the northeast and southeast. The Torotoro locally in-
cludes conglomerates (with mafic volcanic clasts) in its basal portion and
mostly consists of red-brown sandstones intercalated with subordinate red-
brown siltstones and mudstones and frequent paleosols. Two levels of coa-
lescent, rhizolith-rich paleosols established on brown-red argillaceous sand-
stones are conspicuous in the northeastern part of the basin. Because of their
stratigraphic position and respective thicknesses, these two levels probably
correlate with the two green levels of the Chaunaca Formation. Abundance
of rooting at these two particular levels indicates biostasy in the continental
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sedimentation area and appears to be related to the establishment of high-
stand conditions in the basin axis, suggesting a correlation with the two trans-
gressions recorded by the basal limestone and upper green level of the Chau-
naca Formation (Sempere, 1994). .
Coroma Formation (Campanian, ~78? To ~73 Ma). The Coroma For-
mation transitionally overlies the Chaunaca in the central Altiplano, west of
the Senonian basin axis. Because it underlies the El Molino Formation, the
Coroma is a lateral equivalent of the Upper Chaunaca Formation of the Po-
tosf region. The Coroma consists of a thickening-upward intercalation of
brownish and commonly rippled fine- to medium-grained sandstones and

Lz

of red-brown mudstones identical to those of the underlying Chauna-~It is
coarser and thicker toward the west, and preliminary paleocurrent data sug-
gest a western source for these sands. The Coroma Formation is interpreted
to record progradation of fluvial sands from the west (Sempere, 1994).

El Molino Formation (Maastrichtian-Danian, ~73-60.0 Ma). The El
Molino Formation and its equivalents have considerable extent in Bolivia
and the central Andes (Fig. 4A). Its equivalents in Bolivia are, partly, the
Eslab6n and Flora formations of the Alto Beni Subandean belt, and the
Cajones Formation of the Santa Cruz area (Fig. 3). Elsewhere its equivalents
include the Upper Vilquechico Formation of southeast Peru (Jaillard et al.,
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1993), the Lecho, Yacoraite, Tunal, and Olmedo formations of northwest
Argentina, and the Estratos de Quebrada Blanca de Poquis and the con-
glomeratic-sandy base of the Pajonales Formation of northern Chile (Fig. 3).

The El Molino Formation generally overlies the Chaunaca, Torotoro, or
Coroma, which are partly equivalent formations (Sempere, 1994). The re-
spective upper parts of these latter units are Campanian or earliest Maas-
trichtian and were deposited in a wide alluvial system where rooting was
common. In contrast, the Lower El Molino facies were deposited in a sub-
aqueous environment, which documents a significant transgression. The
rich fauna and flora recorded for the El Molino Formation include conti-
nental and marine taxa (Gayet et al., 1991, 1993). Organic matter from the
El Molino is of types Il and III (Blanc-Valleron et al., 1994).

Abundant and sometimes varied marine fossils occur at numerous levels,
indicating that the Maastrichtian-Danian central Andean foreland basin was
pericdically in connection with marine water, Marine fossils include dino-
flagellates, calcispheres and nannoplanktonic microfossils, foraminifera,
echinoids, serpulids, thick-shelled bivalves and gastropods, an operculum
of ammonite (in southern Peru), flat-bodied selachians, and marine or estu-
arine actinopterygian fishes (Gayet et al., 1993; Sempere, 1994; Okamura
and Mamani, 1994). Most of these marine fossil levels are located in the

- Lower El Molino. However, the depositional environment of the El Molino

Formation was never openly marine, as indicated by the shallow and re-
stricted marine facies and by the brackish to fresh-water fauna and flora that
are also present, sometimes in abundance. Although strictly lacustrine envi-
ronment was favored for the El Molino (e.g., Rouchy et al., 1993), it would
be a surprising coincidence that a rapid lacustrine transgression, bearing a
locally diversified marine fauna and flora, took place in Bolivia in the early
Maastrichtian, at a time of global sea-level rise (Haq et al., 1987).

The Andean foreland basin was underfilled, flat and shallow, and the
marine-influenced facies were deposited along its axis. Andean Bolivia and
northwest Argentina (>500 000 km? if restored) were located in a “cul-de-
sac” position at the extreme southern tip of the elongated Andean foreland
basin, which probably connected with open marine waters only in present-
day Venezuela, 3800 km to the north (Fig. 1). Major rivers were flowing
into the basin from the east, south, and west, providing its flat and shallow
southern part with fresh water and mud. The combination of these factors
was responsible for the establishment of restricted-marine conditions
(probably at least mesohaline) during portions of El Molino deposition and
gave the environment some of its peculiar characteristics (Sempere, 1992,
1994; Gayet et al., 1993).

The El Molino Formation is usually 100-500-m-thick, and can locally
reach 900 m. It consists of numerous facies that may have distinct strati-
graphic distributions (Fig. 2). Green to gray and black, purplish, or brown-
reddish mudstones or marls are the predominant facies in the basin, where
they are intercalated with thin, fine- to coarse-grained limestone beds and
very fine sandstones. White sandstones and oolite-bearing carbonates pre-
dominate, however, in the transgressive basal part of the formation.

Gray to light brown, micritic to bioclastic and/or oolitic limestones are
present throughout the unit, although they are rare in the Middle El Molino.
Thick and coarse oolitic bars are known in the Lower and Upper El Molino
from along the basin margins in the Cochabamba and Camargo areas. Stro-
matolitic limestones (Pucalithus beds) are known from the marine-influenced
portions of the Lower, basal Middle, and Upper El Molino (Fig. 5). Generally
calcareous, clean and whitish, fine- to medium-grained sandstones are com-
mon in the lowermost part of the formation, where they sometimes form thick
beds. Some sandstone beds are present in the upper Middle and middle Upper
El Molino. Subemergent facies include some yellow dolostones or dolomitic
fine-grained sandstones, which sometimes show cryptalgal laminations and
mud cracks, and may be associated with dinosaur trackways. The abundance
of sandstones and dolostones notably increases landward.

Paleosols are generally red-brown and many have root casts. Although
some occur in the Lower and Upper El Molino, most are located in the Mid-
dle El Molino. Apart from recent gypsum produced by weathering of pyrite-
rich rocks, the rare evaporite horizons consist of minor secondary gypsum,
a few halite casts, and, in the uppermost El Molino, nodules or crystals re-
placed by calcite or silica (Rouchy et al., 1993). In the Camargo syncline,
however, now-dissolved evaporites may have been present in the basal
sandy portion of the El Molino-and served as decollements for. the wide-
spread and spectacular east-verging tectonic duplexes in this region (see
Kley, 1993); some gypsum crystal casts are present in these sandstones.
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Figure 5. Summary of relevant stratigraphic data concerning the
Upper Chaunaca through lower Potoco formations, based primarily on
the La Palca stratotype in the Miraflores syncline near Potosi. Abbre-
viations: L—Lower, M—Middle, U—Upper; LC-—La Cabana mem-
ber. Stratigraphic positions of known tuffaceous, marine fossil (e—echi-
noids, n—nannofossils), and stromatolite levels compiled from Bolivian
parts of basin (modified after Gayet et al., 1993); distribution of red
color and paleosols refers to La Palca section only. Marine influence
curve deduced from facies and fossil data. Lithologic symbols: 1—sand-
stones, 2—mudrocks, 3—carbonates (mainly limestones), 4—evaporites
(mainly gypsumy), 5—channels.
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Bright to light or dark green smectite-rich mudstones (Rouchy et al.,
1993) are probably bentonites and some grade laterally into whitish to
greenish altered tuffite beds where micas are visible. Well-crystallized
smectite beds from the Lower El Molino (Rouchy et al., 1993) are reminis-
cent of subaqueous alteration of volcanic ash (Chamley, 1989). Analcime-
rich beds in the uppermost E1 Molino (Rouchy et al., 1993) reflect alteration
of volcanic products. Contribution of tuffaceous material to deposits of the
El Molino Formation from the volcanic arc to the west was significant, es-
pecially in the Lower, lower Middle, and Upper El Molino, but is unknown
in underlying Campanian strata (Fig. 5).

Along the basin axis, transgressive marine-influenced facies are present
in the lower three-quarters of the Lower El Molino, at the base of the Mid-
dle E1 Molino, and in most of the Upper El Molino (Fig. 5). Marine car-
bonates and green to black mudstones generally yield some marine fauna or
flora and indicate a shallow restricted-marine environment (Gayet et al.,
1993). These facies are reminiscent of the basal limestone and upper green
level of the Chaunaca Formation and of current models for transgressive fa-
cies (e.g., Wignall, 1991). Marine ingressions in this flat and shallow region
of the Andean basin were controlled by the global eustatic level and a vary-
ing foreland subsidence rate, as documented below.

Marine-influenced fluctuations (Fig. 5) indicate that two principal trans-
gressions of restricted-marine water bodies occurred during the EI Molino
depositional time: one is evident in the Lower plus basal Middle E1 Molino,
and one is recorded by the Upper El Molino, These transgressions provide
a correlation tool. Regressivé fluctuations resulted in intercalations of shal-
lower to terrestrial facies and paleosols, as in the uppermost part of the
Lower El Molino. Terrestrial facies, mainly distal altuvial and lacustrine in
origin and including numerous paleosols, accumulated during most of Mid-
dle El Molino time. The regression evidenced at the top of the Upper El
Molino gave way to the development of a large lake system surrounded by
abroad and flat alluvial landscape, in which the Lower member of the Santa
Lucia Formation was deposited.

Santa Lucia Formation (60.0-58.2 Ma). The boundary between the El
Molino and Santa Lucfa formations is almost transitional. It can be traced
throughout the basin and is expressed in northwest Argentina by the contact
between the Yacoraite-Tunal-Olmedo beds and the Mealla Formation. The
Santa Lucfa and overlying units were deposited in alluvial to lacustrine envi-
ronments. Distribution of the successive lakes remained controlled by the
subsidence axis of the basin and by the Khenayani-Turuchipa paleostructural
corridor (Figs. 1 and 4, B and C). The fauna and flora listed for the Santa
Lucfa Formation and overlying Lower Corocoro supersequence include only
continental taxa (Gayet etal.,, 1991; Marshall and Sempere, 1991).

The Santa Lucfa is divided into three stratigraphic sequences (Fig. 5). The
Lower and Middle Santa Lucia form a coarsening and thickening-upward
succession, which is the stratigraphic equivalent of the Mealla Formation in
northwest Argentina (Fig. 3). The Lower Santa Lucia contains red-brown
mudstones deposited in a lacustrine environment. Thin white to pink tuffa-
ceous beds are present in this unit, especially in its basal portion, as in the
Mealla Formation (Salfity and Marguillas, 1981). At Tiupampa on the basin
margin, the Lower Santa Lucia consists of orange-brown bioturbated silt-
stones with common gastropod molds.

The Middle Santa Lucfa begins with somewhat coarser facies. In the
highly subsident Otavi area, lacustrine mudstones intercalate with slumped
blocks and turbidites, which contain El Molino clasts as much as 1 cm in
size. Along the basin margin, medium-grained to conglomeratic sandstones
are intercalated with red-brown mudstones and paleosols and were de-
posited in meandering fluvial environments. These sandstones yield verte-
brate remains at many localities, including Tiupampa (Figs. 1 and 4B). In
the Camargo syncline, a thick paleosol occurs at the top of the Middle Santa
Lucia sandstones, and a paleocurrent reversal perceptible in its northern seg-
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ment indicates coeval reactivation of the nearby Khenayani-Turuchipa pa-
leostructural corridor. The mud/sand ratio increases toward the interior of
the basin. Near Potosf, the Middle Santa Lucia begins with sandy siltstones
and mudstones and consists mainly of thickening-upward intercalations of
gypsum beds. These evaporites have low %S values suggesting some sul-
fur input of volcanic origin; they were deposited subaqueously in ephemeral
or perennial brine ponds, and interstitially within their surrounding mud
flats, through contraction of the lake system during a dry period.(Rouchy et
al., 1993). Evaporites were deposited in playa lakes scattered along the sub-
sidence axis of the basin, as at Vilcapujio (Fig. 1).

The Upper Santa Lucfa was also deposited in a lacustrine to alluvial en-
vironment (Fig. 4C). It consists of red-brown mudstones, which sometimes
have thin green bands. The top of this unit is truncated by the erosional un-
conformity at the base of the Cayara Formation. The time equivalent of the
Upper Santa Lucia southeast of the Khenayam—Turuchlpa paleostructural
cotridor is the Impora Formation.

Impora Formation (58.5-58.2 Ma). The Impora Formation (Sempere et
al., 1988) exists only southeast of the Khenayani-Turuchipa paleostructural
corridor, in the Camargo syncline (Fig. 4C). It consists of purple to green
lacustrine mudstones, marls and subordinate carbonates, and violet to white
fluvial sandstones and conglomerates: Fossil vertebrates (fishes, turtles, croc-
odiles) are abundant (Gayet et al., 1991). Paleosols are common and most
have horizons rich in calcareous nodules, which laterally grade into calcretes.
Although it displays somewhat different facies, the Impora appears to be a
time equivalent of the Upper Santa Lucfa and seems to have been deposited
in a distinct lacustrine basin separated from the Potos{ region by contempo-
raneous reactivation of the Khenayani-Turuchipa paleostructural corridor
(Sempere, 1994). However, carbonate-rich facies in the Upper Santa:Lucfa
at Vilcapujio are reminiscent of the Impora Formation. Paleocurrents and
clasts of the lower Impora conglomerates indicate that Mesozoic and Paleo-
zoic rocks were eroding from an area southwest of the Camargo syncline
(Marocco et al., 1987). The Mafz Gordo Formation of northwest Argentina
contains greenish to purple, mudstone-dominated, vertebrate-rich (mostly
turtles, crocodiles and fishes) facies and is similar to, and a distal equivalent
of, the Impora Formation (Sempere, 1994) (Fig. 3). The Mafz Gordo is dated
as late Paleocene on the basis of palynology (Volkheimer et al., 1984).

Lower Corocoro Stratigraphy (Late Selandian-Eocene, 58.2 to ? Ma)

The main units of the Lower Corocoro in the Potos{ basin are the Cayara,
Potoco, and Camargo formations (Fig. 2), which have local equivalents
elsewhere in Bolivia and in adjacent areas. Because no detailed stratigraphy
of these units has previously been published, we summarize here our pres-
ent knowledge of these important formations. We also distinguish a new
unit, the La Cabafia member, a light-colored intercalation in the lowermost
part of the red Potoco Formation. Deposition of the Lower Corocoro suc-
cession occurred within a more proximal foreland settmg than did sedi-
mentation of the Upper Puca supersequence.

Cayara Formation (58.2 to ~57.8 Ma). The base of the Cayara Forma-
tion is an erosional unconformity in all Andean Bolivia (Sempere, 1994).
This unconformity cuts through underlying units down to the Ordovician in
the southwesternmost Cordillera Oriental and in a large area northwest of
Potosi. The Cayara overlies the El Molino with marked angularity in one
southeastern Altiplano locality (Marocco et al., 1987). The Cayara consists
of whitish sandstones and minor mudstones and conglomerates which onlap
from the west onto its basal erosional surface. The sandstones are fine to
coarse grained and somewhat saccharoid, frequently finely bioturbated by
roots, and distributed in channels that usually show trough cross-bedding.
The thickness of the Cayéra varies from a few meters to >150 m. The
Cayara sandstones intercalate with subordinate red-brown mudstones,
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forming a thinning and fining-upward succession that grades into the red-
brown mudstones and siltstones of the lower Potoco Formation. The age of
the Cayara-Potoco transition must therefore be diachronous.

The Cayara Formation was deposited in a wide fluviatile environment,
>500 000 km? if restored. The fluvial network converged toward a basin
axis which drained toward the north-northwest (Fig. 4D). Like the whitish
sandstones present at the base of the El Molino Formation, the Cayara sands
were probably eroded from Jurassic sandstones and overlying silcrétes in
the Subandean region, where a forebulge was uplifted in response to tec-
tonic loading in the west. Evidence of extensive sediment transport and
abundant vegetation, indicated by common rooting, suggests a warm and
rainy climate.

Because the Cayara Formation overlies a conspicuous sequence bound-
ary and displays characteristic whitish cross-bedded sandstone facies, it can
be recognized throughout the central Andean basin. The Cayara is thus
equivalent to at least the basal part of the-Muiiani Formation of southern
Peru (Jaillard and Sempere, 1991), the light-colored cross-bedded sand-
stones generally occurring at the base of the Lumbrera Formation of north-
west Argentina (Carbajal et al., 1977), the Geste Formation of the Argentine
Puna (Jordan and Alonso, 1987), and the fluvial sandstones assigned to the
Maiz Gordo Formation by Donato and Vergani (1988) in the Argentine
Puna (Fig. 3). Some authors recognize a disconformity between the Lum-
brera and the underlying Maiz Gordo formations (Gémez-Omil et al., 1989;
Pascual et al., 1978), which supports the view that the Cayara and its equiv-
alent strata were deposited irregularly on an erosional surface. However,
apart from its basal sandstones, the Lumbrera Formation of northwest Argen-
tina correlates with the lower part of the Potoco Formation of Bolivia. Mam-
mal faunas of the Cayara and Lumbrera formations are summarized by
Marshall et al. (1997). )

Lower Potoco Formation and La Cabaiia Member (~58.0 to
~55.5 Ma). The Potoco Formation transitionally overlies the Cayara'For-
mation. Its lower part consists of thick red-brown mudstones deposited in a
broad, flat, low-energy alluvial environment. The lower Potoco progres-
sively grades into the middle Potoco, characterized by siltstone and sand-
stone intercalations that form a thickening- and coarsening-upward succes-
sion. The lower Potoco was long mistaken for the upper part of the Santa
Lucia Formation in some areas of the Cordillera Oriental. Tuffaceous mate-
rial in the lower Potoco is known only at Chita in a few thin beds.

The La Cabafia member is a light-colored intercalation commonly in-
cluding evaporites that is present within the lowermost Potoco at most lo-
calities. This generally thin member is green, yellow-green, gray to violet,
or whitish, and contrasts with the dominant red-brown of the lower Potoco
mudstones. The La Cabafia memniber consists of green to purple marls or
mudstones, gypsum nodules or beds, fine-grained carbonated sandstones
(often bearing halite casts in the Altiplano), and rare medium- to coarse-

grained channeled sandstones. Its thickness ranges from O or a few meters in -

southern Andean Bolivia to 60 m at La Cabaiia (20 km east-southeast of
Cochabamba) and more than 80 m in the Alto Beni Subandean belt where
it forms the upper part of the Flora Formation.

The northwest Argentine equivalent of the La Cabafia member is the Faja
Verde (“green belt”) present in the lower portion of the Lumbrera Forma-
tion (Salfity and Marquillas, 1981, 1994). The Faja Verde is generally as
much as 25 m thick (Gémez-Omil et al., 1989), but may be twofold (Faja
Verde Superior and Faja Verde Inferior) and collectively ~90 m thick in the
local subsident part of the basin where palynology indicates a late Paleocene
orearly Eocene age (Carbajal et al., 1977; Quattrocchio, 1978b). The equiv-
alent of the La Cabafia member in the Bolivian Altiplano is the
Chuquichambi Formation, which consists mostly of evaporites-that form
diapirs and have operated as decollements of Neogene thrusts (e.g., west of
Qruro). Deposition of the La Cabafia member occurred in a drier climate

than that recorded by the typical red-brown rocks of the Potoco Formation.
This explains the lack of fluvial drainage when compared with the abun-
dance of channeling in the Cayara Formation. The La Cabafia evaporite lev-
els formed in playa lakes scattered over the basin, while some major rivers
(like that recorded at La Cabafia) continued to flow mainly toward the north-
west or north-northwest. Thick lacustrine green marls and claystones are
known in the upper Flora Formation in the Alto Beni Subandean belt.

‘Lacustrine facies are also known from the Faja Verde in several localities, of

northwest Argentina. In the Otavi syncline, the La Cabafia member consists
of thick lacustrine yellow and bluish marls and subordinate limestones. We
believe deposition of the La Cabafia member and the Faja Verde occurred
during a dry climatic period and that these units represent a synchronous
sedimentary period and guide unit in the southern part of the Andean basin.

Potoco and Camargo Formations (~58.0 to ? Ma). The entire Potoco
Formation consists of a thickening- and coarsening-upward succession of
dominantly red-brown mudstones, siltstones, sandstones, and locally con-
glomeratic sandstones. These facies grade into the overlying Camargo For-
mation, which consists of thickening- and coarsening-upward sandstones,
conglomeratic sandstones, and conglomerates intercalated with red-brown
mudstones and siltstones (Fig. 2). The Potoco and Camargo are thus partly
lateral equivalents and collectively form a 2000-5000-m-thick coarsening-
and thickening-upward sequence interpreted to have been deposited as fore-
land basin fill (Marshall and Sempere, 1991; Sempere, 1990). Paleocurrent
data suggest a drainage pattern during at least the early part of this deposi-
tional interval similar to-that present during ,CayaraA deposition (Fig. 4D).

" In Bolivia, the Mondragén and Bolivar formations (see below), which
crop out between Potosi and Cochabamba, are here recognized to be equiv-
alents of the Potoco-Camargo. Another equivalent, in the northern Bolivian
Altiplano, is the Tiahuanacu Formation, the top of which is dated as ~27 Ma
(Sempere et al., 1990). Field observations allow correlation of the Potoco-
Camargo set with equivalent strata.in northern Chile and northwest Ar-
gentina (Fig. 3). The Potoco-Camargo sequence thickens toward the west in
the western Bolivian Altiplano and in northern Chile, and thins toward the
south in the Argentine Puna. Equivalent strata in northern Chile are most of
the Purilactis Group (Salar de Atacama area), the Chojflias Formation
(Poqufs area), and almost the entire Pajonales Formation (excluding the
dinosaur-bearing, basal conglomeratic sandstones) (Salinas et al., 1991). In
northwest Argentina, its equivalents are the Lumbrera, Casa Grande, and
Rio Grande formations in the east (Pascual et al., 1978) and at least the
lower part of the Pozuelos Formation in the west. The Potoco-Camargo
strata correspond to red beds overlying the basal Mufiani Formanon and its
Subandean equivalents in southern Peru.

The vertebrate paleonfological data from northwest Argentine equwa-
lents of the Potoco Formation were summarized by Pascual et al. (1981),
Jordan and Alonso (1987), and Marshall et al. (1997) and suggest that the
Potoco-Camargo was deposited during the late Paleocene—Eocene interval.
Observation of some altered ignimbrite and andesite clasts in the upper
Camargo suggests that the Camargo Formation probably ranges into the late
Oligocene, because no such Cenozoic volcanic rocks are known in Bolivia
before this time.

In the Camargo area, & northwest- denved conglomeratic bed as much as
1 m thick includes large El Molino clasts up to 10cm and occurs just above
the La Cabafia—lower Potoco lacustnne muidstones (i.., at a low level i in the
Potoco section). This bed documents that the El Molino Formation was be-
ing eroded in a nearby tectomcally uplifted source area as early as latest
Paleocene or earliest Eocene time. No other conglomerates are known in the
overlying 150 m of this section. The apparently west-derived Camargo con-
glomerates indicate a coeval uplift of Mesozoic and Paleozojc rocks west of
their outcrop belt (Fig. 4D). The age of the Camargo conglomerates and of
the responsible deformation, however, is poorly constrained.
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Mondragén and Bolivar Formations (~58.0 to ? Ma). The Mondragén
Formation consists of a thickening- and coarsening-upward succession dom-
inated by reddish sandstones, conglomeratic sandstones, and minor con-

glomerates, with subordinate red-brown mudstone intercalations. It crops:
out mostly northwest of Potosi. Where the section is most complete, the Ca-
yara Formation unconformably overlies the Lower El Molino or younger
‘sequences; the Cayara Formation is conformably overlain by a 20-m-thick
red mudstone unit similar to the lower Potoco, which in turn is conformably
overlain by the 1000-m-thick Mondragén Formation. These relationships -

demonstrate. that the Mondragén is a time equivalent of at least part of the
Potoco-Camargo succession. In the same area, the Mondragén is gently
folded into a broad syncline, which is unconformably overlain by distinctly
folded ignimbrite flows of the early Miocene Agua Dulce Formation. Early
Miocene ages are reported from volcanic tuffs intercalated in the eastern-
most outcrops of the Mondragén Formation (Evernden et al., 1977; Kerinan

et al., 1995); this eastern outcrop belt is believed to represent the eastward- "~

onlapping, and thus the youngest, strata of the Mondragén-Bolivar basin. To
the south (i.e., toward Potosf) the Mondragén Formation directly onlaps de-
formed Paleozoic and Cretaceous strata and is affected by a gentle defor-
mation which mainly involves large-scale tilting.

The Bolivar Formation consists mainly of conglomeratic sandstones and
conglomerates intercalated with red-brown mudstones and siltstones. It
crops out in an area located north of the Mondragén depositional domain
and unconformably overlies deformed Paleozoic and Mesozoic strata. The

Mondragén and Bolivar formations are in adjacent areas and are believed to’

be partly lateral equivalents, and thus to be mainly of Eocene to early
Miocene age. These units are interpreted to have been deposited as the in-
filling of the foreland basin of the Cabalgamiento Altiplnico Principal
(Main Altiplanic thrust—CALP) thrust system (Fig. 1) (Sempere et al.,
1991). Paleocurrent data suggest that this foreland basin was underfilled and
axially drained to the south (Fig. 4D).

TABLE 1. “°Ar/%%Ar LASER TOTAL FUSION ANALYSES
: OF SELECTED BIOTITE GRAINS FROM TUFFS -
OF THE LOWER MEMBER OF THE EL MOLINO FORMATION

L4 STArPAr  SBArRSAr  WArRSAr VA Age 1o

(Ma)
M21 . . )
2913-04 0.01573  0.00426 1.8243 605 7160 0.69
2913-05 0.00943  0.00481 1.9264 575 7168 1.25
2913-06 0.02217  0.00670 1.9124 491 71.17 091
2913-07 0.03479  0.00494 19265 569 7168 0.93
2913-08 0.03060  0.00390 19305 627 71.83 0.79
Mean of five dates: 7159 0.25
Weighted mean (x std. error): 71.60 0.22
Contaminant grains? . .
2913-03 0.0138  0.00465 1.9811 59,0 7367 1.04
2913-10 0.0579 0.00388 1.9923 635 74.08 0.72
2913-02 0.0620  0.00235 22164 762 8223 124
2913-09 0.0459 0.60145 10.7301 96.2 367.24 0.95
2913-01 0.0111  0.00042 151687 99.2 499.71 1.09
VCH-1 : :
7549-01 0.0185 0.00193 12,3219 956 7277 022
7549-02 0.0054 0.00146 12.2828 966 7255 0.19
7549-05 0.0057 0.00731 12.2568 85.0 7240 027
7549-06 0.0058 0.00483 122071 895 7211 022
Mean of four dates: 7245 015
_ Weighted mean (+ std. error): 7257 0.15
Drsturbed grains?
7549-04 - 0.0716 0.01309 11.8477. 754 70.03 0.26
7549-07 0.0070 0.02551 11.8505 "61.1 7004 049

Note: Irradiation monitor mineral: Fish Canyon Sanidine (27.84 Ma).
A+ A/ =0.5881x 10710 yr " Ay = 4,962 x 1070 yr T 4OK/AK, =
1167 x 10 (from Dalrymple and Lanphere, 1971).

*Radiogenic.

ISOTOPIC DATING

Biotites from two tuffs in the Lower El Molino, exposed at a location
(lat 20°05°S; long 66°54'W) about 5 km northeast of Chita on the road
from Uyuni to Sevaruyo, were analyzed at the Berkeley Geochronologic
Laboratories. The biotites and fluence monitors were irradiated in the
Omega West research reactor at Los Alamos National Laboratory or the
Triga reactor at the University of Oregon:Both irradiations were cadmium
shielded. Following irradiation and bake-out, single mineral grains were
fused with an Ar ion laser. The released gases were purified using SAES
getters, Argon was analyzed with an online Mass Analyzer Product 215
noble-gas mass spectrometer. Sample fusion, gas purification, and mass
spectrometry are fully automated. Procedural blanks were measured before
beginning the analyses and after every third unknown, and they averaged
less than 1.2 X 10713 mol at m/e =

Values for J, a parameter relatmg‘age to measured “°Ar*/°Ar ratios asa”
function of the irradiation dose, were obtained from 6 to 10 replicate analy-
sés of individual grains of coirradiated Fish Canyon Tuff sanidine. Ages
were calculated using 27.84 Ma for the age of Fish Canyon Tuff sanidine
(modified from Cebula et al., 1986). Corrections for interfering isotopes of
Ar resulting from irradiation were détermined for each reactor using cal-
cium fluoride and a synthetic K-bearing glass; they are negligible for these
samples. Mass discrimination was determined from analyses of air Ar using
an online pipette. ' o

Sample M21

Five total fusion analyses of singie crystals of biotite from sample M21,
located 19.8 m above the base of the El Molino at Chita, give a mean age of
71.59 + 0.25 Ma (10). Five additional analyses of biotite from the same
sample yielded ages that ranged from 74 to 500 Ma (Table 1). These older
grains are interpreted to be nonjuvenile material, probably incorporated into
the tuff during deposition and reworking.

Sample VCH-1

Four total fusion analyses of single crystals of biotite from sample
VCH-1, located 3.8 m higher in the same section, give ages that are tightly
clustered with a mean of 72.57 % 0.15 Ma (15). The highly radiogenic Ar
(radiogenic Ar = 85% to 95% of the total Ar) and tight reproducibility of
these three analyses (Table 1) leads us to accept their mean as the best esti-
mate of the age of this sample. Two additional crystals from this sample that
have less radiogenic Ar yield ages of 70.03 and 70.04 Ma, distinct at the 16
level from the four older crystals. We interpret these crystals to have under-
gone minor Ar loss or K gain during alteration.

Although the ages of the samples do not agree with their stratigraphic or-
der, this difference is not considered significant. Applying the Critical-Value
test of Dalrymple and Lanphere (1969), no difference in age between the
two samples can be detected at the 95% level of confidence. Thus, the ages
of the two samples are indistinguishable and their mean of 72.1 £0.5 Ma is
the best estimate of the age of their stratigraphic level. On the basis of cor-
relation of guide sequence boundaries and water—le\'(el fluctuations, these
levels correlate to levels located ~29.0 m and ~34.2 m above the base of the
El Molino in the La Palca section.

MAGNETOSTRATIGRAPHY

Details of the paleomagnetic collections, techniques, and data analysis
are presented in the Appendix. In this section, we report magnetostrati-
graphic results.
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Figure 6. Polarity stratigraphy of La Palca section. Virtual geomag-
netic pole (VGP) latitudes determined from site-mean characteristic
compohents of natural remanent maguetization (NRM) directions listed
in Table DR1 (see footnote 1 on p. 725) are plotted against stratigraphic
level. Sites with at least three samples and clustering of sample charac-
teristic components of NRM directions significant from random at the
5% significance level are shown by black circles; VGP latitudes for sites
with only two samples yielding reliable characteristic components of
NRM directions are shown by white circles. Interpreted magnetic po-
larity zonation and polarity zone designzitions are shown at the right.
Black, normal polarity; white, reversed polarity. Symbols: black—lime-
stones, dash—red mudstones dominant, dark stipple—coarse sand-
stones dominant, light stipple—fine sa'ndstdnes' dominant, white—green
to gray or black mudstones dominant.’
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Figure 7. Polarity stratigraphy of Tiupampa section. Symbolé asin
Figure 6. Entire section is of reversed-polarity.

The magnetic polarity stratigraphy of the LaPalca section is illustrated in
Figure 6. Unfortunately, there are significant stratigraphic intervals from
which no reliable paleomagnetic directions could be obtained and the mag-
netic polarity sequence lacks clear stratigraphic resolution of several polar-
ity zone boundaries. In addition, several polarity zones are defined by a sin-
gle paleomagnetic site and are not robust determinations. We do not regard
the details of the sequence of polarity zones between the 150 and 375 m lev-
els to be completely reliable: The conclusion, however, that this strati-
graphic interval is dominated by normal polarity and records repeated geo-
magnetic polarity reversals is secure. There appears to be a reversed polarity
zone of at least 50 m thickness at the base of the section and a reversed po-
larity zone of >100 m thickness at the top of the sampled section, proceed-
ing into the base of the overlying Santa Lucfa Formation at this Jocality.
Correlation of the magnetic polarity sequence from the La Palca section
with the geomagnetic polarity time scale is discussed below. 4

The magnetostratigraphic results from the Tiupampa and-Sucusuma sec-
tions are illustrated in Figures 7 and 8, respectively. In both sections, all

‘sites are of reversed polarity; correlations to the geomagnetic polarity time

scale are discussed below. The magnetic polarity sequence from Pampa
Grande in northwest Argentina is illustrated in Figure 9. Unfortunately, two
polarity zones (B+ and C-) in this section are defined by results from sin-
gle sites and must be considered provisional. Despite the generally low
quality of the paleomagnetic data acquired and the minimal sampling den-
sity, the magnetic polarity sequence from Pampa Grande can be fit within
a regional stratigraphy, when auxiliary information fromi lithostratigraphy,
sequence stratigraphy, and biostratigraphy are considered.

MAASTRICHTIAN-PALEOCENE CHRONOSTRATIGRAPHY
Geochronology '

All levels are located relative to the base of the E1 Molino Formation at La
Pal~Correlation between the geomagnetic polarity time scale and the nu-
merical time scale follows Cande and Kent (1992, 1995). The KT and
Campanian-Maastrichtian boundaries are thus respectively placed at 65 and
74.5 Ma (the latter may be as young as 72 Ma; Odin, 1994). A simple one-to-
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Figure 8. Polarity stratigraphy of Sucusuma section. Symbols as in
Figure 6. Entire section is of reversed polarity.
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Figure 9, Polarity straﬁgraphy of liampa érande section, northwest
Argentina. Symbols as in Figure 6. FVI—Faja Verde Inferior; FVS—
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one correlation of the La Palca polarity zonation to the geomagnetic polarity
time scale is not evident (Fig. 10). The correlation shown in Figures 10 and
11 is our preferred interpretation because it is corroborated by the paleonto-
logic data and agrees with a number of facts discussed below.

Correlations of magnetozone boundaries A—/B+ (~146.2 + 42.7 m) and
L+/M- (373.1 £ 2.6 m) at La Palca (Fig. 10) to the 31r/31n and 27n/26r
chron boundaries of the geomagnetic polarity time scale, respectively, ap-
pear secure. This correlation implies ages of 68.7 Ma and 60.9 Ma for these
two stratigraphic levels. The first site used in magnetostratigraphy (61.5 m)
is in a reversed polarity zone correlated with chron 31r and thus younger
than 71.1 Ma (base of chron 31r). This agrees with the isotopic date of
72.1 £0.5 Ma from the ~31.6 m stratigraphic level.

The Vivian Formation of Peru, which is partly equivalent to the basal sand-
stones of the El Molino Formation, yielded a Campanian palynologic as-
semblage (Jaillard and Sempere, 1989), suggesting that the base of the El
Molino is close to the Campanian-Maastrichtian boundary. Emplacement of
plutons in the Coastal batholith resumed at ~71 Ma at the latitudes of Bolivia
(Soler et al., 1989), and reactivation of volcanism must have occurred earlier,
as shown by our ~72.1 Ma tuffs. In several sections, tuffaceous material is
present in the very base of the E1 Molino and is absent from the underlying
Chaunaca, suggesting that the Chaunaca—El Molino contact records this re-
activation of volcanism. On the basis of these data, we tentatively assign an
~73 Ma age to the Chaunaca—E] Molino contact. This age might coincide
with the Campanian-Maastrichtian boundary, which is between ~74.5 Ma
(Cande and Kent, 1992, 1995) and 72 % 0.5 Ma (Odin, 1994).

The Upper El Molino, the entire Santa Lucfa, and apparently at least
part of the Cayara formations were deposited during chron 26r, which
spans the 60.9-57.9 Ma interval (Fig. 11). The regression marked by the
El Molino—Santa Lucfa contact is correlated with the Danian-Selandian
boundary (60.0 Ma; Cande and Kent, 1992, 1995; Haq et al., 1987). This
regression occurred at a time when no tectonic change is perceptible and
was therefore apparently due to a eustatic effect.

The Lower Santa Lucfa—Middle Santa Lucia contact is marked by an in-~
crease in grain size (Fig. 2). The age of this boundary is estimated to be
~59.5 Ma (Fig. 11). The contemporaneous increase in depositional rate sug-
gests that tectonism and uplift were responsible for providing coarser mate-
rial into the basin. This activity probably records the reactivation of the
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Figure 10. Correlation of magnetic polarity columns with geomag-
netic polarity time scale. Isotopic date from within El Molino Forma-
tion is indicated in La Palca magnetic polarity column. Preferred cor-
relations are indicated by dashed lines. Symbols as in Figure 6.
FVI—Faja Verde Inferior; FVS—Faja Verde Superior.

Khenayani-Turuchipa‘paleostructural corridor near the Middle Santa
Lucfa-Upper Santa Lucia boundary, which resulted in formation of the two
lake systems represented respectively by the Upper Santa Lucfa and Impora
formations (Fig. 4C).

The erosional base of the Cayara Formation, near the end of chron 26r, is
~58.2 Ma and correlates with initiation of the first major sea-level lowstand
in the Cenozoic (Haq et al., 1987). The position of the Cayara in the top of
chron 26r is controlled by only one polarity site at Tiupampa (Fig. 7). At
Pampa Grande (Figs. 9 and 10), the polarity data suggest that the Cayara oc-
curs below the base of chron 26n, although the sampling is poor in this part
of the section and the top of the Cayara may continué into chron 26n. Pre-
liminary results from two Cayara sites near Camargo yield normal polari-
ties at ~30 and ~45 m above the base of the Cayara. As noted above, the
Cayara-Potoco transition is diachronous, 50 its age will predictably vary ac-
cording to location in the basin. The two normal chrons from the lower part
of the Lumbrera Formation are correlated with chrons 26n and 25n, and the
Faja Verde Inferior occurs at the base of chron 24r (Figs. 9 and 10). The Faja
Verde Superior is also in chron 24r and, assuming that deposition rates were
constant for the lower Lumbrera, the top of the paleomagnetic section
would be ~54.5 Ma (Fig. 10). .

- In summary, the ages of the sampled sequences would be as follows:
Lower El Molino, ~73-66.9 Ma; Middle El Molino, 66.9-60.8 Ma; Upper
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Lithologic symbols and abbreviations as in Figure 5. Geomagnetic polarity time scale (GPTS) after Cande and Kent (1992, 1995). Deposition rates
(undecompacted) for the El Molino~Santa Lucia interval at La Palca are believed to reflect subsidence rates because of homogeneity of facies and
becanse burial depth exceeded 2500 m; deposition rates for younger units are not included because of scarcity of guide-levels and uncertainties in
correlations. L.E.M.—Lower El Molino, M.E.M.—Middle El Molino, U.E.M.—Upper El Molino, S.L.—Santa Lucia.

El Molino, 60.8-60.0 Ma; Lower and Middle Santa Lucia (Mealla),
60.0-58.5 Ma; Upper Santa Lucfa (Impora = Maiz Gordo), 58.5-58.2 Ma;
Cayara (basal sandstones of Lumbrera), 58.2 to ~57.8 Ma; lowermost Potoco
and La Cabafia member (lower Lumbrera and Faja Verde Inferior), ~58.0 to
~55.5 Ma (Fig. 11). These conclusions agree with the palynologic ages ob-
tained in the Lower El Molino (Pérez, 1987), Tunal (Upper El Molino)
(Quattrocchio et al., 1986), Maiz Gordo (Volkheimer et al., 1984), and Lum-
brera formations' (Quattrocchio, 1978a, 1978b).

Biostratigraphic Implications

The bed that yielded continental vertebrates at Pajcha Pata correlates to a
level ~165 m above the base of the El Molino at La Palca and is thus
~68.4 Ma (Figs. 10 and 11). This bed is the lowest level in the El Molino
Formation, which has a diverse continental fauna, including coelurosaur,
snake, various amphibian, lungfish, numerous fish, and unpublished mam-
mal remains (Marshall, 1989; Rage et al., 1993). Correlation of paleonto-
logic data to the reference section at La Palca indicates that dinosaur track-
ways are unknown above the upper Lower El Molino (~202 m) and that
Cretaceous fishes are unknown above the basal Middle El Molino (~236 m)

(Gayet et al., 1991). According to our preferred correlation to the geomag-
netic polarity time scale, these levels would be ~67.5 and ~66.7 Ma, re-
spectively. Our correlation constrains the location of the K-T boundary to
within ~43 m of section at La Palca, between levels ~281 m and ~324 m.
This interval is in the middle part of the Middle El Molino and at La Palca
shows lacustrine facies.

The Tiupampa mammals were collected in the middle part of the Middle
Santa Lucfa (Marshall and Muizon, 1988; Gayet et al., 1991; Muizon, 1991;
Marshall et al., 1997) and are thus ~59.0 Ma. Revision of the marmmmal fau-
nas from Argentina and Bolivia provides a consistent view of the Paleocene
mammal biostratigraphy and evolution in the Andean basin (Marshall et al.,
1997).

Minimum ranges of some ostracod species collected in the Chaunaca
and/or E1 Molino formations (Camoin et al., 1991; Gayet et al., 1993) are as
follows: Candona huaitracoensis, Santonian—early Maastrichtian; Ilyocypris
aff. triebeli, early Maastrichtian; /. aff. wichmanni, early Maastrichtian-latest
Danian. Nannofossils assigned to Calculites ovalis and C. obscurus were re-
covered from 120 m above the base of the El Molino Formation at La Palca
(Okamura and Mamani, 1994) and are early Maastrichtian (~70 Ma). Dino-
cysts assigned to Apectodinium homomorphum and A. quinquelatum were
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recovered from the Upper El Molino at La Palca (Blanc-Valleron et al.,
1994); although the latter species indicates a late Selandian—Ypresian age in
the North Atlantic and northwest Europe the Bolivian dmocysts are latest

- Danian according to our chronostratigraphy.
Numerous charophytes, identified as Feistiella gildemeisteri by J. Dejax,
M. Feist and N, Grambast-Fessard, were recovered from the basal Upper
Santa Lucfa at Tiupampa, which dates them as ~58.5 Ma. The charophytes

. are not reworked because they occur throughout-a I-m-thick level that is lat- «

erally continuous over several hundreds of meters. This species is also com-
mon in reportedly Maastrichtian units in southern Peru (Jaillard et al.,
1993). Charophytes (“Tectochara” ucayaliensis oblonga) reputedly indi-
cating a middle or late Eocene age (Branisa et al., 1969) or a Paleocene—
Eocene age (Mourier et al., 1988) were collected (L. Branisa, 1985, per-
sonal commun.) from above the La Cabaiia member in the lower part of the
Potoco Formation, which was long mistaken for a part of the Santa Lucfa
Formation in the Camargo area. These fossils are thus of latest Paleocene or
earliest Eocene age. Fossil leaves collected from the La Cabafia member at
La-Cabafia, and currently being studied by J, Dejax (Muséum-National
d’Histoire Naturelle, Paris) are latest Paleocene in age.

Eustasy and Subsidence

Bolivia and northwest Argentina were located in the southern intraconti-
nental “cul-de-sac” part of the underfilled Andean foreland basin, where in-
gressions of marine water were possible at times of sea-level highs and suf-
ficient subsidence. Because global sea level was high during most of
Senonian to Danian time (Hagq et al., 1987), tectonic effects are required to
explain why only a part of the succession shows a marine influence. For ex-
ample, the Campanian is represented in Bolivia by mostly continental de-
posits and paleosols; whereas it is a time of high eustatic level. The
Maastrichtian—Danian is a period of high eustatic level, yet only the early
Maastrichtian and latest Danian of Bolivia record a marine influence. Most
of the late Maastrichtian—Danian is of continental origin and commonly
shows paleosols. Thus, marine-influenced facies in the El Molino Formation
indicate that tectonic subsidence was high enough to permit marine ingres-
sion whereas continental facies and paleosols suggest that subsidence was
low {(however, paleosols are also to be expected in a high-subsidence context
at times of major sea-level lows). A correlation of marine-influenced portions
of the section with high subsidence and deposition rate, and paleosol-rich
continental portions with low subsidence and deposiﬁon rate, is expected.
Our preferred correlation shows this relationship in a general sense and in
some detail (Fig. 11).

The boundary between the Lower and Middle El Molino is identified by
the base of a thin marine-influenced level within a dominantly continental
portion where well-developed paleosols are abundant. According to our pre-
ferred correlation, the age of this boundary is ~66.9 Ma and the paleosol
zones are ~67.2-66.9 Ma and ~66.7-66.4 Ma, which is in some agreement
with the sharp and short sea-level lowstand recognized by Haq et al. (1987)
at ~68 Ma, especially if the boundaries of the Maastrichtian are 1-2 m.y.
younger than assumed by these authors (Odin, 1994). Maximum inundation
was achieved in the central Andean area at ~71.5-70 Ma (Fig. 11), which
may represent the maximum flooding surface recognized by Hagq et al.
(1987) as ~73.5 Ma.

TECTONIC IMPLICATIONS AND SUMMARY
Volcanic Activity

Tuffaceous material is abundant in the Lower, lower Middle, and Upper
El Molino, and Lower Santa Lucfa (Fig. 11), suggesting that volcanic activ-
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ity in the coastal arc was important during the intervals from ~73 to ~66 Ma
and from 60.8 to 59.5 Ma. The apparent absence of volcanic-derived sedi-
ments from the units underlying the EI Molino indicates that volcanic
activity was low between ~86 to ~73 Ma. The Chaunaca—El Molino and
Middle El Molino—Upper El Molino boundaries (~73 and 60.8 Ma, respec-
tively) were thus accompanied by a significant increase in volcanic activity,
which seems to have been reduced between ~66 and 60.8 Ma and after
59.5 Ma. These data agree with the evolution of the coastal magmatic arc:
At the latitudes of Andean Bolivia, pluton emplacement apparently stopped
at ~84 Ma, resumed at ~71-70 Ma, and significantly decreased at ~59 Ma
(Soler et al., 1989). In central Peru, plutonism apparently stopped at
~78 Ma, resumed at ~75 Ma, and stopped again at ~59 Ma (Soler and Bon-
homme, 1990).

Tectonic History

Central Andean tectonic evolution (Fig. 12) is usually considered to have

-begun with a Late Jurassic—Early Cretaceous extensional to transtensional

episode associated with the initiation of rifting between South America and
Afri~Prior to Turonian time, tectonic conditions were dominated by exten-
sional to transtensional conditions, interrupted along the Pacific coast by oc-
casional compressional to transpressional events. The tectonic regime was
controlled by large-scale wrench faulting that affected the western margin
and built some proto-Andean reliefs (Jaillard, 1994). No true foreland
basins, however, are known in the central Andes before the Turonian.

Latest Turonian-Early Coniacian Rifting. After a tectonically quies-
cent interval in the Cenomanian and Turonian, widespread extensional con-
ditions were abruptly established at ~89 Ma in the Potosi basin and adjacent
northwest Argentina. Rifting during latest Turonian—early Coniacian time is
evidenced by the erosional unconformity at the base of the Aroifilla (Jaillard
and Sempere, 1991), abundant basic magmatic conglomerate clasts and oc-
casional volcanic flows in the Lower Aroifilla, narrow troughs in which the
basalts are located and elongated playa lakes established in these down-
warped areas, and the major thickness variations of the Lower Aroifilla
(Sempere, 1994). Subsequent evolution of the basin as a distal part of the An-
dean foreland suggests that this latest Turonian—early Coniacian extensional
episode represents a regional destabilization produced by the onset of short-
ening along the Pacific margin at ~89 Ma.

Coniacian—-Campanian. The Upper Aroifilla and subsequent sequences
point to a different tectonic setting. There is a marked contrast between the
thickness irregularity of the Lower Aroifilla and the more consistent thick-
ness of the Upper Aroifilla to Upper Chaunaca succession. These sequences
onlap upon the external areas; each follows a regressive pattern and shows
an overall decrease in subsidence rate, which is accompanied by prograda-
tion of clastic material from the west (Coroma Formation). The conjunction
of these phenomena is reminiscent of aspects of evolutionary models of
foreland basins (Flemings and Jordan, 1989, 1990). These observations sug-
gest that the Potosf basin was functioning as the distal part of the Andean
foreland basin during the Coniacian—Campanian interval and that compres-
sional tectonism, involving shortening and loading of the South American
lithosphere, had started on the Pacific margin (Sempere, 1994). Thus, infill-
ing of latest Turonian—early Coniacian tensional structures was accompa-
nied or followed by onlap of distal foreland sedimentation toward areas that
had remained devoid of Cretaceous deposits.

Maastrichtian. After relative quiescence in the Campanian, tectonic ac-
tivity along the margin was reactivated at ~73 Ma. Documentation of a sig-
nificant tectonic episode initiated in early Maastrichtian time is provided by
an abrupt increase in sedimentation rate at the Chaunaca—EIl Molino bound-
ary, arapid shift of the basin axis toward the west, and deposition of the low-
ermost El Molino sands derived from the east and southeast. This episode
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Figure 12. Summary chart showing tectonic events in the Potosi basin.

produced a sharp increase in the rate of deformation and tectonic loading
along the coastal areas, which resulted in high tectonic subsidence in the
foreland. Subsidence in this underfilled basin was maximum between ~71
and ~66 Ma (Fig. 11), which enhanced the effects of the early Maastrichtian
global marine transgression. Although longitudinal subsidence was con-
trolled at a large scale by tectonic loading in the west, local subsidence oc-
curred along the northwestern edge of the Khenayani-Turuchipa pale-
ostructural corridor.

Paleogene. Subsidence decreased during the late Maastrichtian, was low
during the Danian, but increased again in the latest Danian, and peaked in the
early Selandian (Fig. 11). This increase in foreland subsidence again reflects
reactivation of major shortening and tectonic loading along the margin. This
tectonic event developed mostly between 59.5 and 58.2 Ma and correlates
with the end of emplacement of the Coastal batholith in Peru (Fig. 12). It pro-

duced folding in southwestern Bolivia (Marocco et al.; 1987), gentle defor-
mation southeast of Vilcapujio, reactivation of the Khenayani-Turuchipa
paleostructural corridor, synsedimentary deepening of the Otavi lake, and
widespread deposition of coarser sediments, including conglomerates and
lacustrine turbidites containing El Molino clasts. These phenomena are post-
dated by the widespread erosional unconformity at the base of the Cayara
Formation. This 58.2 Ma unconformity records in Bolivia a substantial mod-
ification of the tectonic setting, including forebulge uplift (generating the -
Cayara sands) and westward migration of the subsidence axis (Fig. 4, C
and D). This event marks the onset of a continental foreland basin in Andean
Bolivia that was infilled during the latest Paleocene-Oligocene by the thick
Potoco and Camargo formations. As early as Eocene time, however, this
basin underwent internal deformation in the southern Altiplano and west of
the Camargo Formation outcrop belt (Fig. 4D), as well as northwest of Potost,
as documented by the Mondragén Formation.

.. . . Eocene Deformation. The Mondragén and Bolivar formations represent -

the infilling of the foreland basin of the CALP thrust system (Fig. 1). Be-
cause these units were previously -interpreted as late Oligocene—early
Miocene, major activity of the CALP-Khenayani fault thrust system, in-
cluding the Ticatica duplexes and Calazaya nappe, was believed to be of this
age (Baby et al., 1992; Sempere et al., 1991). However, because of the
chronologic evidence presented above, this age interpretation is no longer
tenable. Although chronologic data for the upper Potoco and Camargo for-
mations still lack precision, it is evident that the CALP-Khenayani fault sys-
tem was active mainly in the Eocene. In tum, activation of the San Vicente
fault and subsequent tectonic development in the southern Altiplano, also in-
terpreted previously as late Oligocene—early Miocene (Baby et al., 1990),
must be mainly of Eocene age. )

Although only a few paleocurrent determinations are available, namely
from the Morochata (Kennan, 1993) and Camargo synclines, the Camargo
conglomerates are apparently derived mainly from the west, which indi-
cates a coeval uplift of Mesozoic and Paleozoic rocks west of its outcrop
belt. For example, late Oligocene—early Miocene rocks directly overlie the
Ordovician in the Tupiza area (Hérail et al., 1992), although the Late
Cretaceous-Paleocene rocks are known to have been deposited there, and it
is likely that this erosion started in the Eocene. )

Along both flanks of the Camargo syncline, east-verging duplexes in-
volve shallow decollements in the basal Lower El Molino. These duplexes
predate the formation of the syncline, which was produced by thrust defor-
mation involving deep decollements located in strata older than Middle
Ordovician. Because this younger deformation is believed to represent the
major Andean tectonism initiated in the late Oligocene (Sempere et al.,
1990), it is possible that the shallow-level duplexes formed in Eocene and/or
Oligocene time. The structural style they imply and the relative shallowness
of their decollement suggest that the Camargo area resembled the present-
day Subandean belt during the Eocene-Oligocene. As suggested by. our pre-
liminary paleocurrent data from the Camargo area, the Camargo conglom-
erates might have been deposited in longitudinal valleys between ridges
formed by stacked anticlines.

Regional Tectonic Correlations

The Late Cretaceous—Tertiary tectonic history of the central Andes, al-
though distinctive in certain aspects, has many parallels with the tectonic his-
tory of other parts of the Andes. At most latitudes along the Andean margin,
extension and subsidence prevailed during the Late Jurassic—Early Creta-
ceous. A transition to a compressive continental margin, where foreland
basins developed inboard, began with the opening of the South Atlantic. In
southernmost South America, the large extensional back-arc basins (Magal-
lanes and Neuquén) changed to foreland basins beginning in the mid-
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Cretaceous (Wilson, 1991; Winslow, 1982, Vergani et al., 1995), eatlier than
this same transition in the central Andes. In central and northern Peru, the
subsiding continental margin converted to a western-sourced foreland basin
at ~89 Ma (Jaillard, 1994), corresponding to the tectonic transition in the cen-
tral Andes.

Reconstructions of the Pacific basin suggest that a triple junction, at the
end of a spreading ridge between the Phoenix and Farallon plates, moved
southward along the Andean margin from the Central American region to
Antarctica from about 100-110 Ma to 80—75 Ma (Cole, 1990). After this

" ridge passed southward, the Farallon (later Nazca) plate subducted under
the western margin of the South American plate. Initiation of the foreland
basins in the central Andes apparently occurred after the South American
and Farallon plates were in contact across this subduction zone. After
~80-75 Ma, most of the western margins of both North and South America
were in contact with the Farallon plate (or later pieces of it) and, in addition,

"« both the North American and South American plates-were moving gener-

ally westward at about the same rate due to spreading at the Mid-Atlantic
ridge. Because of these similarities, the two plates underwent analogous rel-
ative plate motions and changes in motions along their western margins that
likely account for the correspondence between tectonic everits of these mar-
gins (see below) during the Late Cretaceous and early Tertiary.

The relative motion between the Nazca and South American plates is
known directly from ~70 Ma (anomaly 31) (Pardo-Casas and Molnar, 1987;
Pilger, 1984), and variations in relative motion can account for aspects of
tectonic episodes in the central Andes, as well ds along the Andean margin
in general. The relative motion was obliquely convergent during deposition
of the El Molino and Santa Lucia formations, the distal foreland basin strata
in the central Andes. The sequence of continental and marine strata seen
during this interval in the central Andes is closely matched in coeval fore-
land basin sequences in the Subandean regions of northern Peru, Ecuador,
and into Colombia, thiis suggesting a similar and nearly synchronous tec-
tonic transition. For example, in the Oriente. of Ecuador, the
Maastriclitian-Paleocene Tena Formation contaiiis early Maastrichtian ma-
rine levels mixed with continental and brackish-water strata, and it uncon-
formably overlies the mid- to Upper Cretaceous sequence (Dashwood and
Abbotts, 1990; Kennerley, 1980).

Atabout 56-57 Ma (anomaly 25), the convergence rate between the Nazca
and South America plates increased substantially, and the ensuing interval of
fast and nearly. perpendu:ular convergence contintied into the early Oligocene
(~35 Ma) (Pardo-Casas and Molnar, 1987; Pilger, 1984). The Cayara-Potoco-
Camargo (and Mondragén-Bolivar) sequence and the 58 2 Ma unconformity
record this episode of fast convergence in the central Andes. Along the entire
Andean margin, many rock units and unconformities also indicate a substan-
tial change in depositional patterns, arc magmatism, and deformiation, which
correlate with this increased rate of convergence. Coarser and typlcally conti-
nental foreland basin Paleocene—Eocene or Eocene sequerices unconformably
to paraconformably overlie the Maastrichtian—Paleocene sequences in An-
dean and Subandean regions of Peru, Ecuador, and Colombia (Jaillard, 1994;
Dashwood and Abbotts, 1990; Schamel, 1991), and magmatic complexes of
this age range are extensive in the coastal regions in the northern, central and
southern Andes (Mégard, 1989; Ramos, 1988; Richards, 1995). Although the
details of the ages of the units and unconformities vary, this episode of fast
convergence correlates to major tectonism throughout the Andes.

CONCLUSIONS

The latest Cretaceous—early Paleogene units of Bolivia appear to be reli-
ably dated. The El Molino and Santa Lucia formations respectively span the
~73-60.0 Ma and 60.0-58.2 Ma intervals. The base of the Cayara Forma-
tion is 58.2 Ma.
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The early Andean evolution of Bolivia comprises three main tectonic
periods: latest Turonian~Campanian (~16 m.y. long), Maastnchnan—early
Selandian (~15 m.y. long), and middle Selandian—early Oligocene (~31 m.y.
long) intervals. These three periods began with a tectonic event produced by
(re)activation of tectonic loading along the margin, represented by the re-
spective bases of the Aroifilla (~89 Ma), El Molino (~73 Ma), and Cayara
(58 2 Ma) formations.

The ~89 Ma tectonic event marked a turning- point in Andean evolution
at these latitudes. Compressional building of the central' Andes was initiated
at that time (Sempere, 1994) and since then, foreland conditions have pre-
vailed in the eastern Andean domain.

The ~59.5-58.2 Ma tectonic event documented above shortly predates a
significant increase in convergence rate and achievement of nearly perpen-
dicular convergence of the Nazca and South Ameérican plates at about anom-
aly 25 (Pilger, 1984; Pardo-Casas and Molnar, 1987), i.e., ~55.9-57.6 Ma
(Cande and Kent, 1995). It marks the initiation of “classic” continental fore-
land sedimentation in Andean Bolivia. The thick late Paleocene—Oligocene
Andean foreland fill records significant internal deformation of this foreland
basin during its evolution, as conjectured by Kennan et al. (1995). The
Cayara-Potoco-Camargo succession is lithologically reminiscent of the
Chaco succession of the Subandean-Llanura domain, which represents the
late Oligocene—Holocene fill of the current Andean foreland basin (Sempere,
1990, 1991; Sempere et al., 1990).

Stratigraphic evidence for late Paleocerie-Oligocene deformation in An-
dean Bolivia permits a better understanding for the Paleogene rotations doc-
umented by Butler et al. (1995). These rotations were almost certainly the
result of rotations between crustal domains separated by thrust and strike-
slip faults. They are likely to reflect an early stage of developmerit of the Bo-
livian orocline.

Comparisons with North America

The Phanerozoic geologic evolution of the central Andes arid of North
America, especially the western United States, share an increasing number
of similarities (Sempere, 1995). Among them is the major activation of
thrusting in the Sevier thrust belt at ~89 Ma (DeCelles, 1994), which
matches the coeval initiation of compressional building of the central
Andes. The Senonian-early Paleocene underfilled foreland basin of the
Andes is reminiscent of the Western Interior Seaway, reflecting similarities
in early Cordiileran-type geotectonic evolutions. The tight synchroneity, at
~58.5-58.2 Ma, of the Upper Puca—Corocoro and Zufii-Tejas sequence
boundaries (see Leighton and Kolata, 1991) is a major, and unexpected, re-
sult of our study. The tectonism dated as early late Paleocene in the central
Andes is thus apparently roughly synchronous with the Laramide orogeny.
The Corocoro supersequence of Bolivia equates with the Tejas sequence of
North America, and both are divided into two subunits with a boundary at
~27 Ma (Haq et al., 1987; and this study). These chronological coinci-
dences suggest that the Late Cretaceous—Holocene histories of the Pacific
margins of both continents were controlled by related causes.
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APPENDIX
Paleomagnetic Collections, Methods, and Analysis

At least three paleomagnetic samples were collected from each of. 150 sedimen-
tary horizons (p'lleomagneuc sites) distributed among four stratigraphic sections
(three in Bolivia, one in northwest Argentma) of the El Molino Formation and/or
overlying continental deposits. Samples were either cored in situ with standard pale-

omagnetic core drilling equipment or were collected as oriented hand samples, which -

were later trimmed into paleomagnetic specimens for measurement. Paleomagnetic
samples were collected from the finer grained layers and are dominantly reddish clay-
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Figure Al. Vector end-point diagrams showing representative thermal de-
magnetization behavior of samples from the La Palca section. Black circles are
projections onto the horizontal plane. White circles are projections onto the ver-
tical plane. Numbers adjacent to data points indicate temperature (°C) of ther-
mal demagnetization. Directions are shown in geographic (in situ) coordinates.
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stones and siltstones. Following sample preparation, all paleomagnetic specimens
were stored, measured, and demagnetized in a magnetically shielded room with aver-
age field intensity less than 200 nT (nannotesla). All measurements of natural rema-
nent magnetization (NRM) were done using a two-axis cryogenic magnetometer
(ScT C-102). A few samples were subjected to alternating-field (AF) demagnetiza-

-tion, but this treatment generally was ineffective in separating components of NRM.

Following initial NRM measurements, pilot specimens from all sites were subjected
to progressive thermal demagnetization to determine the unblocking temperature
spectra for the NRM. Progressive thermal demagnetization employed from 8to>16
temperature steps up to 680 °C. The magnetic ‘field inside the thermal demagnetiza-..
tion furnace was less than 10 nT.

Results of thermal demagnetization were analyzed by plotting vector end-point di-
agrams in order to identify linear segments of demagnetization trends. The corre-
sponding components of NRM were determined using principal component analysis
(Kirschvink, 1980) to fit line segments to linear trends of vector end points. For char-
acteristic components of natural remanent magaetization (ChRM), the origin of the
vector component diagram was used as an additional independent datum in the prin-
cipal component analyses. Results are discussed in detail below, but the general data
selection criteria are outlined here. Only characteristic components of natural rema-
nent magnetization determined by results of at least four successive thermal demag-
netization steps and for which principal component analysis yields a maximum an-
gular deviation (MAD) <15° are considered reliable. As discussed below, many-
samples do not satisfy these criteria. Applying these stringent selection criteria, how-
ever, allows attention to focus on the best determined characteristic components of
NRM. For the majority of samples meeting these criteria, results from 26 thermal de-
magnetization temperatures usu'llly yield line fits with maximum angular devia-
tion £10° and often yield maximum angular deviation <5°. Relaxing the selection cri-
teria does not significantly affect the results and only introduces undesirable noise
into further levels of analysis,

Other selection criteria involve within-site comparison of characteristic compo-
nents of NRM directions using standard Fisher (1953) statistics. For sites with three
samples (N = 3) which yield acceptable characteristic components of NRM, only
those sites with clustering of characteristic components of NRM directions signifi-
cant from random at the 5% significance level are accepted for further analysis (Wat-
son, 1956). For N = 3, this criterion requires a vector resultant, R, 2 2.62. For sites
with N = 2 ChRM directions, site-mean characteristic components of NRM direc-
tions with R = 1.8 are considered acceptable. All site-mean characteristic components
of NRM directions meeting these criteria are used for analysis of magnetic polarity
zonation. For tectonic analysis of paleomagnetic directions, a more stringent selec-
tion criterion is applied. Only site-mean directions with 95% confidence limit, ys»
= 20° are admitted for tectonic analysis. This criterion requires that the within-site
concentration parameter (Fisher et al., 1987), k, is greater than 35 for N =3 directions.
This is a stringent criterion, but application of more permissive criteria does not sig-
nificantly affect the results and only introduces larger confidence limits in the results.

La Palca. The stratigraphic section at La Palca (lat 19.53°S, long 294.17°E; Fig. 1)
is the type section of the El Molino, Santa Lucia, and Cayara formations (Lohmann
and Branisa, 1962). The sampled section has a total thickness of 480 m, within which
62 paleomagnetic sites were collected. Samples from this section provided the poorest
quality paleomnagnetic results, because the basal portion of the section is dominated by
restricted-marine limestones and brackish-water deposits. NRM of samples from these
rocks was almost invariably of low intensity (NRM < 10~* A/m), and often responded
to thermal demagnetization in an erratic fashion. Figure A 1A illustrates this erratic be-
havior from which no characteristic components of NRM can be identified. Sites fail-
ing to yield characteristic components of NRM directions were concentrated in the
lower half of the La Palca section. Fewer than half of the sites collected in this section
provided characteristic components of NRM directions that pass the selection criteria
for magnetic polarity determination.

Figure A1B illustrates thermal demagnetlzatlon behavior of a sample from one of
the few sites in the Lower El Molino Formation that yields a reliable site-mean direc-
tion. Unblocking temperatures (Ty;5) are dominantly between 200 and 500 °C sug-
gesting that magnetite is the dominant carrier of natural remanent magnetization. Al-
though the NRM direction is somewhat erratic at the higher temperature steps, the
characteristic components of NRM direction are reaspnably well defined. Demag-
netization behavior of a red-brown paleosol sample from the Middle El Molino is
shown in Figure A1C. The illustrated behavior with a small, yet significant, fraction
of characteristic components of natural remanent magnetization apparently carried
by hematite with unblocking temperatures approaching 680 °C is typical of well-
behaved samples from the upper half of the El Molino Formation. Demagnetization
of NRM for a red-brown mudstone sample from the Upper El Molino is shown in
Figure A1D. The line segment used to determine the characteristic components of
NRM direction for this sample is defined by the progression of vector end points re-
sulting from thermal demagnetization at 2625 °C; this component is entirely carried
by hematite.
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Site-mean directions that pass the above outlined selection criteria for magnetic
polarity determinations are listed in Table DR1!, both in geographic (in situ) and
stratigraphic (corrected for bedding tilt) coordinates. The La Palca section is a homo-
clinally tilted succession in the southeast edge of the Miraflores syncline, The small
variations in bedding attitudes do not aflow application of the fold test for paleomag-
netic stability, although a reversals test (discussed below) is positive. Characteristic
components of NRM directions (of either normal or reversed polarity) are apparently
carried at some sites by magnetite and at other sites by hematite. We interpret charac-
teristic components of NRM directions carried by magnetite as depositional remanent
magnetizations (DRM), and characteristic components of NRM directions carried by
hematite as chemical remanent magnetizations (CRM). Sites with characteristic com-
ponents of NRM carried by magnetite occur stratigraphically adjacent to sites with
characteristic components of NRM carried by hematite and within the same polarity
zone. These observations suggest that CRM components carried by hematite were
formed soon after deposition, although the possible time interval between deposition
and acquisition of CRM is not actually known. Possible time lags between deposition
and acquisition of CRM could account for the lack of simple one-to-one correlation
between magnetic polarity zones in the La Palca section and the geomagnetic polar-
ity time scale. .

Tiupampa and Sucusuma. At Tlupamp'l (lat 18.0°S, long 294.5°E; Fig. 1), a
stratigraphic succession of ~200 m thickness was measured from the base of Santa

. Lucta Formation through the Cayara Formation and into the base of the overlying
Potoco Formation. C. Winker collected 17 paleomagnetic sites in 1985 from the
middle ~120-m-thick portion of this section. Typical thermal demagnetization
behavior of samples from the Santa Lucfa portion of the section is illustrated in Fig-
ure A2A. The characteristic component of NRM has unblocking temperatures dis-
tributed from ~400 to >650 °C, indicating that a significant portion of the charac-
teristic magnetization is carried by hematite. Figure A2B illustrates more erratic, but
still acceptable for magnetic polarity determination, behavior for a sample from the
Cayara Formation.

The sampled section at Sucusuma is about 6 km north of Torotoro (18.08°S;
294.25°E; Fig. 1). The section has a thickness of ~130 m, from which 28 paleomag-
netic sites were collected in a stratigraphic sequence through the Upper El Molino
into the overlying Santa Lucia. The success rate in retrieving reliable characteristic
components of NRM directions was much better for samples from the Santa Lucia
Formation, which is dominated by fine-grained red sediments than for samples from
the predominantly restricted-marine El Molino deposits. Figure A2, C and D, illus-
trates thermal demagnetization behavior of two Santa Lucfa samples from this local-

" ity. The unblocking temperatures of the characteristic components of NRM in most
cases extend to >580 °C, indicating a significant contribution from hematite. Never-
theless, a colinear component of NRM with unblocking temperatures below 580 °C
suggests that magnetite is also a carrier of NRM. This latter component is most likely
of depositional origin. The fundamental agreement in direction of the components of
NRM carried by hematite and by magnetite suggests that the CRM carried by the

- hematite in the strata of the Sucusuma section was acquired soon after deposition.

Site-mean parameters of characteristic components of NRM for the stratigraphic sec-

tions at Tiupampa and Sucusuma are listed in Tables DR2 and DR3, respectively (see

footnote 1).

Pampa Grande. We collected 12 paleomagnetic sites from what was mapped by
Carbajal et al. (1977) as the lower half of the Lumbrera Formation in a stratigraphic
succession of ~180 m thickness at Pampa Grande in northwest Argentina (lat 25.8°S,
long 294.6°E; Fig. 1). These collections and paleomagnetic analyses were done in
1977, when laboratory techniques were less rigorous than those applied to the col-
lections described above from Bolivia. Although the results are less reliable than
those reported above, we include the results from Pampa Grande because of their im-
portance to the regional stratigraphic synthesis discussed above.

All samples collected from the Lumbrera Formation were oriented hand samples.
Lithologies collected were either green or red claystones and siltstones which were
often fissile, difficult to collect, and sometimes disintegrated during handling in the

laboratory. Red samples were unaffected by AF demagnetization and were subse- .

quently demagnetized using thermal demagnetization at several temperatures up to
600 °C. The NRM component remaining after thermal demagnetization is interpreted
as a CRM, most likely acquired near the time of deposition. Green rocks responded
to AF demagnetization, and that technique was used to remove low-coercivity com-
ponents of NRM in an attempt to isolate the characteristic components of NRM of
presumed depositional origin. Demagnetization to 20 or 30 mT effectively removed
low-coercivity NRM components that were generally aligned with the present geo-
magnetic field at the sampling Jocality.

IGSA Data Repository item 9719, Tables DR1-DRA4, is available on request
from Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301 E-mail:
editing@ geosociety.org.
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Figure A2. Vector end-point diagrams showing representative thermal de-
magnetization behavior of samples from Tiupampa section (A, B) and Su-
cusuma section (C, D). Symbols as in Figure Al.
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Demagnetizations were not done at a sufficient number of steps to allow mean-
ingful principal component analysis. Accordingly, site-mean directions listed in
Table DR4 (see footnote 1) are the result of “blanket” AF or thermal demagnetiza-
tions. Samples from two'sites had NRM intensities too low (<1 075 AJm) for confident
identification of characteristic components of NRM. For several sites, only two spec-
imens survived the demagnetization process; for one site, only a single specimen
yielded a characteristic component of NRM of sufficient intensity to confidently de-

termine the direction.
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