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ABSTRACT

The main objective of this study is to reconstruct the geologic evolution of the
Paraguayan Chaco. The Paraguayan Chaco occupies an area of approximately 240
thousand km?2, and is part of a string of modern foreland basins to the east of the Andean
Belt. Only 38 wells, mostly shallow stratigraphic tests, were drilled. Over 5,000
kilometers of seismic reflection lines were interpreted.

Three main geologic events were observed in the Paraguayan Chaco: (1)
Deposition of a Paleozoic sedimentary section in a relatively stable platform with a
predominantly eastern source area; (2) rifting of this Paleozoic section during the
Cretaceous to form the Pirizal Subbasin; and (3) deposition of continental and marine
sediments in a foreland basin setting. The Paleozoic section penetrated is mostly marine,
and ranges from Lower Ordovician to Upper Permian. It contains a Devonian to
Carboniferous westward regressing sequence of marine, transitional and continental facies.
The main structural features consist of subbasins, arches, and subvertical faults. Paleozoic
tectonic events occurred during the Devonian, Carboniferous (Late?) and possibly Late
Ordovician to Early Silurian. Later events include the Early Cretaceous rifting of the Pirizal
Subbasin and an Eocene event. Thick Paleozoic marine shales generated oil and gas. High
temperature gradients are associated with arches, resulting in gas prone settings. Areas
distant from the arches have lower temperature gradients and should produce oil.

The sedimentary fill of the Pirizal rift basin is mostly of continental origin, with sea
incursions during the Late Cretaceous (Maastrichtian)-Paleocene and Miocene. Two stages
were identified in the evolution of the Pirizal Subbasin: (1) Rifting of the Paleozoic
sequence, and the accumulation of continental sediments in an asymmetric graben bordered
by normal down to the basin faults; and (2) a sag phase with sediments overlapping the

graben borders. The subsidence of the basin flanks during the sag phase resulted in a
vi



symmetrical distribution of the sedimentary section of this phase. The Late Cretaceous-
Paleocene marine sediments have good source potential and generated hydrocarbons. This

study relates the Paraguayan Chaco with the better known Bolivian and Argentinian

Subandean Belts and adjacent regions of both countries.
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CHAPTER I
INTRODUCTION

The Paragua_yan Chaco constitutes the western part of the country of Paraguay and
comprises approximately 260 thousand square kilometers, or sixty percent of the total area
of the country. Only thirty eight exploratory wells and five shallow stratigraphic wells
have been drilled since 1947 --mostly by U.S. companies searching for hydrocarbons in
intermittent efforts. Although extensive coring was conducted in the first nine wells drilled
by Union Oil (1947-1949) and Pure Oil (1958-1959), samples were no longer available at
the time of this study. Subsequent exploration efforts did not result in the extensive
recovery of long cored sections. Therefore, material at hand for this project was mainly of
indirect nature, such as geophysical and sample logs, seismic sections, and various
internal reports.

Published material on the Paraguayan Chaco is virtually non-existent. Interpretations
and conclusions on the Paraguayan Chaco in this study are based on the unpublished
information obtained for this study, unless otherwise specified. References to the
neighboring countries are from published material. Four subbasins are located in the
Paraguayan Chaco: Carandaity, Curupaity, Pirizal (Pirity or Lomas de Olmedo) and Pilar.
The sedimentary sequences of the Carandaity and Curupaity subbasins in almost their
entirety consist of Paleozoic sediments, while the sedimentary package of the Pirizal
Subbasin consists mostly of sediments of Late Cretaceous to present age. The study of the
stratigraphy of the Paraguayan Chaco will thus be divided into a Paleozoic section and the
Mesozoic-Cenozoic stratigraphy of the Pirizal Subbasin in order to facilitate the

understanding of the geologic evolution of the area.



Objectives
The objectives of this dissertation project are:
1. The integration of all the available data on the Paraguayan Chaco.
2. Interpretation of the data to reconstruct the geologic evolution of the Paraguayan

Chaco.

Location
The Paraguayan Chaco is located in the country of Paraguay and extends
approximately from 19 to 25° S and from 57 to 63° W (Fig. 1). Its limits are to the north
and west, the Republic of Bolivia; to the south, the Pilcomayo River separating it from

Argentina; and to the east, the Paraguay River separating it from Brazil and Eastern

Paraguay.

Methods of Study

The methods of study applied in this project were to a large degree dictated by the
types of information available. Direct data was very scarce, save for some well cuttings
from a few wells and some short segments of cores from the Don Quixote-1 well.

Good palynological data was obtained from the Carandaity Subbasin, which enabled
the characterization of depositional environments and determination of ages with
confidence. In some areas only geophysical logs and sample descriptions were available.
Seismic sections of good quality from the Pirizal Subbasin were helpful in determining the
areal extent of sedimentary packages, and gave insight into the structures and tectonic
character of that area. Cuttings from selected intervals of the Don Quixote-1 well were
subjected to x-ray diffraction analysis to identify the types of clays present. Figure 1
shows the location of wells in Paraguay, and Table 1 shows the locations of wells drilled in

Paraguay.



Main Geotectonic Units of South America

The Chaco Basin belongs to a string of modem foreland basins east of the Andean Belt
that extend from the Pampas in central Argentina to the Llanos in eastern Venezuela (Fig.

2). These basins are located between the Andean Belt and the Central Brazilian and Guiana

shields.

Main Structural Units of Paraguay

Figure 3 shows the main structural features of Paraguay. The Apa High, an extension
of the Central Brazilian Shield, and the Asuncién High, both crop out in Eastern Paraguay.
These are crystalline basement and lower Paleozoic outcrops separated by the deep
(>3,000 meters) San Pedro Trough (Banks and Robinson, 1988). These two highs
separate the intracratonic Parana Basin to the east from the foreland Chaco Basin to the
west,

Four subbasins are present in the Chaco: Carandaity, Pirity (Pirizal or Lomas de
Olmedo), Curupaity and Pilar. Santa Fe Energy Resources is presently engaged in a
geophysical exploration program in the Pilar Subbasin (William A. Schaefer, 1991, oral
communication). No data from the Pilar Subbasin was available for the present study.

The subbasins are separated by the Central Chaco High and the arches of Cerro Leon
(Izozog, as it is known in Bolivia), Boquerén (Michicola in Argentina) and Hayes

(Quirquincho in Argentina).

Geologic Events

Three major geologic events occurred in the Paraguayan Chaco:
1. Deposition of clastic Paleozoic (Lower Ordovician to Lower Pennsylvanian, and in
some areas to Upper Permian-Lower Triassic) sediments in marine to continental

environments in a continental platform setting.
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2. Rifting of the Paleozoic section in the Pirizal Subbasin during the Early Cretaceous
with deposition of a thick, predominantly continental, fill.

3. Deposition of continental and marine sediments in a foreland basin setting from
Eocene to present.

Data on the Paleozoic sediments is concentrated in the Carandaity Subbasin; some in
the Curupaity Subbasin, and very little is widely scattered in the remaining areas. Because
there are only very few and scattered outcrops in the Paraguayan Chaco, early exploration
efforts were conducted based on the knowledge of the Andean region sequences and
terminology. Where facies changes from marine to coastal and continental environments
were encountered towards the east in Paraguay, these Andean region sequences were not
repeated exactly. Consequently, where fossils were lacking, incorrect assumptions based
on lithologic character commonly were made.

Figure 4 shows the tectonic character of the Subandean region extending eastward into
the Chaco area. The Subandean zone is characterized by thrust faulting with decreasing
intensity eastward. These compressional forces are greatly diminished in the Chaco area,

where only subvertical faults with some possible lateral movement are found.



Table 1

HYDROCARBON EXPLORATION WELLS OF PARAGUAY

Operator Well Area Year Meters Feet Location .

Union Oil Co. Santa Rosa-1 Carandaity 1947  2,3094 7,577 21 458 6141W
Pirizal D-1 Pirity 1948 3,148.9 10,331 2303 60 38
Picuiba B-1 Carandaity 1949 2,290.9 7,516 20 40 61 56
LaPaz D-1 Boquerdon Arch 1949 2,210.4 7,252 21 53 60 58
Orihuela B-1 Hayes Arch 1949 2,047.3 6,715 2324 58 40

Pure Oil Co. Madrejon-1 C. Chaco High 1958 1,728.1 5,668 20 28S 59 29W
Lagerenza-1 Carandaity 1959 2,889.5 9,480 20 00 61 00
Mendoza-1 Carandaity 1959 3,242.7 10,639 2012 61 42
Lopez-1 C. Chaco High 1959 1,730.9 5,679 21 46 59 58

Placid Oil Co. Mendoza-1 Carandaity 1967 792.1 2,598 20 07 30S 6145 20W
Mendoza-2 i ? 1,246.6 4,090 20 02 20 615210
Mendoza-3 i ? 693.4 2,275 200310 6153 30

Pennzoil Alicia-1 Carandaity 1971 1,305.4 4,283 20 57 02S 6148 57TW

& Victory Oil  Brigida-1 ? ? 1,512.7 4,963 21 18 50 61 50 22

Holdings Christina-1 ? ? 643.1 2,110 21 26 54 61 53 26
Dorotea-1 ? ? 853.4 2,800 21 17 01 62 08 54
Emilia-1 ? ? 1,022.0 3,353 21 06 34 6207 14
Federica-1 ? ? 800.0 2,624 21 34 56 6211 30
Gabriela-1 ? ? 1,015.6 3,332 21 46 34 62 00 02
Hortensia-1 ? ? 765.2 2,510 21 30 29 61 39 27
Isabel-1 ? ? 9449 3,100 21 01 14 61 27 40
Julia-1 ? ? 1,280.1 4,200 20 36 05 61 3703
Katerina-1 ? ? 1,139.6 3,739 20 44 30 61 33 50
Luciana-1 ? ? 819.3 2,688 2010 40 614310
Marta-1 ? ? 827.5 2,715 20 16 31 61 40 27
Nola-1 ? ? 760.1 2,493 20 07 49 614713
Don Quixote-1 ? ? 2,894.4 9,496 21 37 47 61 56 43
Olga-1 ? ? 1,171.3 3,843 212513 61 5241

REPSA & Palo Santo-1 Pirity 74-75  3,765.2 12,350 23 10 20S 6046 08W

Compania Petr.

del Chaco

ESSO, Berta-1 Pirity 1976  4,792.4 15,723 22 3247S 6100 58W

AMINOIL,

REPSA, CPC

Chaco Parapiti-1 Carandaity 1977 2,834.2 9,296 21 00 00S 61 00 O0W

Exploration Parapiti-2 ? ? 2,350.9 7,711 21 34 00 62 00 00

Texaco & Cerro Leon-1 C. Leon Arch 1977 1,970.1 6,462 19 49 00S 6056 45W

Marathon Toro-1 Curupaity 1978 3,417.7 11,210 58 57 00 20 07 58

Petroleum Co. Gato-1 ? i 1,646.3 5,400 2003 03 58 52 03



Table 1 Continued

Operator Well Area Year Meters Feet Location .
Compania Petr. Anita-1 Pirity 1978 4,127.9 13,543 22 5324S 6130 18W
del Chaco Gloria-1 » 1979 4,015.1 13,173 22 56 55 60 38 04
Occidental Carmen-1 Pirity 85-86 4,511.0 14,800 2304 29S 61 2843W
Tte. Acosta-1 » 1987 4,268.0 14,003 22 44 55 602515
Nazaret-1 » 87-88 4,025.0 13,205 223916 59 51 37
Pecten Asuncién-1 Parana Basin 1982 3,223.0 10,574 24 04 13S 5627 12W
Asuncion-2 » 1983 2,926.0 9,600 2341 48 56 35 02
Texaco Mallorquin-1 » 1990 2,990.4 9,811 25 28 47.6S 55 16 40W
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CHAPTER II
PALEOZOIC STRATIGRAPHY

Crucial to the_ understanding of the Paleozoic history of the Paraguayan Chaco are the
Subandean Belt of Bolivia to the west, and to a lesser degree, the area of Roboré-Santiago
de Chiquitos (Serranias de Santiago y San José) to the north, in easternmost Bolivia (Fig.
5). This is because, as determined in this study, the Paraguayan Chaco shares similar
environments of deposition with these areas. In addition, the bulk of the information in the
form of outcrop and well data originated in Bolivia, and consequently, so did the
nomenclature and formational units known for the area. The area immediately to the south
in Argentina has not contributed as much to the understanding of the Paraguayan Chaco in
terms of nomenclature, because units there are still identified on the basis of lithologic
character and stratigraphic position rather than on more reliable paleontologic and
palynological determinations. Also, the Early Cretaceous rifting that formed the Pirity
Subbasin resulted in the erosion and collapse of substantial Paleozoic sedimentary
packages. Thus, thick sections of Paleozoic sediments either are missing or collapsed as
blocks at the base of the thick Cretaceous-Quaternary sedimentary fill of the Pirity
Subbasin.

A brief description of the lithologic units found and defined in Bolivia, in the western
part of the Subandean Belt, will be made. Also, their Paraguayan equivalents --which may
not always reflect the same lithologies due to changes in depositional environments-- will be
described.

The sedimentary section penetrated in the Paraguayan Chaco ranges from Lower

Ordovician to Lower Pennsylvanian and Upper Permian to Lower Triassic. In the

10
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Subandean Belt of Bolivia, shaly and sandy sequences from Ordovician to Tertiary are
present (Oblitas et al., 1972).

Important lithologic differences are found between the pre-Devonian sequences in
Paraguay and those in the Subandean Belt to the west of the study area. The section found
in the central portion of the Southern Subandean Belt of Bolivia in the Serrania Sararenda
(Sararenda Hills), on the Parapeti River, in the well CAM-20 (Fig.6) is similar to the
sequence found in the Carandaity and Curupaity subbasins of Paraguay (Fig. 7).

The area of the Roboré Basin or Serranias Chiquitanas (Chiquitos Hills or Serranias
Santiago y San José) in easternmost Bolivia is of relatively less importance to the study of
the Paraguayan Chaco than the Subandean Belt, because of its different facies
characteristics. Therefore, only a brief mention of the geology of this area will be made
here. The Roboré Basin contains a poorly dated stratigraphic sequence (Fig. 8). Only some
sections of the Precambrian, Silurian and Devonian sequences are paleontologically dated.
The Cambrian sequence was dated from algae in the area of Ladario in Brazil (Ahlfeld,
1972). The Silurian and Devonian sequences were dated macropaleontologically by Lopez-
Paulsen et al. (1982; Fig. 9 of this study).

The areas around the Apa and Asuncion Highs (Fig. 3) have been elevated topographic
features --it is not known whether they were exposed or not-- probably since Early or
Middle Paleozoic (Ordovician or Silurian) times, and have constituted a source area for
sediments of the Chaco and Parana basins. Large pebble to boulder conglomerates of
Silurian age, in areas around Lake Ypacarai in Eastern Paraguay, indicate the high
topographic relief of the Asuncion High.

The Chaco area is located west of the Brazilian Shield. Sediments derived from this
shield were deposited in the Chaco in a relatively undisturbed continental to marine shelf
environment dipping gently towards the west. Reconstruction of pole migration during the

Paleozoic (Caputo and Crowell, 1985, Van der Voo, 1988, and Veevers and Powell, 1987)
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indicate high to polar latitudes for the study area, and help to relate the lithologies found
with likely climatic conditions.

Only three wells (Don Quixote-1, Parapiti-1 and La Paz-1) were deep enough to reach
Lower Paleozoic sediments. The Parapiti- 1 well penetrated sediments of Early Ordovician
age, and Don Quixote-1 well penetrated sediments of Middle Ordovician age. Sediments of

the La Paz-1 well are assigned to the Ordovician based on lithology.

Cambrian
The presence of the Cambrian can not be excluded in the Chaco because of its presence
in the Andean region and its possible existence in Eastern Paraguay and the Chaco-Pampean
Plains in the Formosa Province of Argentina (Russo et al., 1980). The Itapucumi
carbonates and clastics that crop out in Eastern Paraguay and along the western margin of
the Paraguay River in the Chaco (Fig. 10; Pennzoil, 1968) are assigned to the Cambrian

based on lithology and stratigraphic position.

Ordovician

The descriptions of the Subandean formations of Bolivia given in this study are based
on Oblitas et al. (1972) unless specified otherwise, and correspond to the western part
adjacent to the Eastern Cordillera (Fig. 5). The Subandean Belt in Bolivia has a band of
outcrops extending from southern Peru to northern Argentina. The oldest sediments
observed in the Subandean Belt correspond to Ordovician outcrops along the border with
the Eastern Cordillera. The base of these Ordovician sediments is not known (Oblitas et al.,
1972). These Ordovician outcrops have been divided into three formations. The Enadere
and Tarene formations occur in the Northern Subandean Belt, and the San Benito Formation
in the Southern Subandean Belt (Fig. 5). Figure 11 shows a stratigraphic correlation chart

between the Paraguayan Chaco and the adjacent areas in Bolivia and Argentina.
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The Enadere Formation is the oldest formation of the whole section outcropping in the
Northern Subandean Belt. This unit consists in its lower outcropping section of gray and
greenish gray silts with intercalated black shales containing Lingula fragments. The upper
outcropping sectibn is composed of shaly sands and fine grained quartzarenites of gray to
whitish gray color, in stratified layers of up to 80 centimeters, with abundant Cruziana
furcifera D’Orbigny and common occurrence of Skolithos, which would indicate shallow
marine environments. The section below the outcrops is not known. The upper contact
with the Tarene Formation is concordant, and defined by a lithologic change.

The overlying Tarene Formation is a monotonous succession of hard, gray and whitish
sandstones. These rocks are fine- to medium-grained, well sorted, clean and thinly
stratified, but with some layers of up to 6 meters thick. The upper contact is described by
Oblitas et al. (1972) as "pseudo-concordant” with Devonian shales.

The San Benito Formation, of the Central and Southern Subandean Belt is the
equivalent of the Enadere and Tarene formations of the Northern Subandean Belt. Itis also
composed of fine grained, massive compact and hard whitish gray quartzites and
sandstones. The occurrence of Cruziana D’Orbigny is common and fossil dating assigns it
a Late Ordovician (Caradocian) age (Oblitas et al., 1972). The base of this formation is
unknown in the Subandean region. The top is marked by a sharp lithologic change to
tillites of the Silurian Cancaniri Formation.

In the Paraguayan Chaco, the Ordovician sequence has so far been identified only in the
Carandaity Subbasin. Palynological analysis from the Parapiti-1 (Gilbert Boyd, 1988, oral
communication) and Don Quixote-1 (Urban, 1972) wells indicate the presence of Lower to
Upper Ordovician strata (Figs. 12 and 13). The Don Quixote-1 well penetrated 155 meters
(510 feet) of sediments of Middle Ordovician age at total depth (Urban, 1972). The
Parapiti-1, well located farther east from Don Quixote-1 well, has the Upper Ordovician

section missing (Gilbert Boyd, 1988, oral communication). Because only scant



14
paleontological information was obtained from the upper section of the Parapiti-1 well, and
no seismic data of this area was available for this study, it is not known whether the section
is missing at this locality because of erosion or absence of deposition.

The Ordovician dark marine shales range from Middle to Upper Ordovician in the
western part of the Paraguayan Chaco in the Don Quixote-1 well. In the eastern part of the.
Carandaity Subbasin (Parapiti-1 well), the shales range from Lower to Middle Ordovician.
The shales are overlain by marine silts and shales of Late Ordovician age in the Don
Quixote-1 well and of Middle Ordovician age in the Parapiti-1 well. The Ordovician shales
are black to very dark gray, firm, silty and siliceous in parts, in part fissile, pyritic, very
micaceous, interbedded with sand. The interbedded sand is white to medium gray, silty and
micaceous in part, very fine-to fine-grained, predominantly friable and sometimes firmly
cemented by silica; with occasional stringers of anhydrite, occasionally slightly calcareous
(Pennzoil, 1972b). The lower contact of the Ordovician shales was not reached in
Paraguay, and the upper contact appears to be transitional to the Middle and Upper
Ordovician silts and shales. This shale sequence is herein informally referred to as the Don
Quixote Formation (Figs. 7 and 12), in reference to the well from which the first age
determination --through palynology-- was made.

The sediments overlying the dark shales consist of fine to coarse grained gray silt, firm
to hard and micaceous. The silts are intercalated with shales of medium gray color, firm,
micaceous, fissile to silty in parts (Pennzoil, 1972b). This section is herein informally
referred to as the Siracuas Formation. The name is derived from the town of Siracuas
located on the Transchaco road between the town of Mariscal Estigarribia and the Bolivian
border. Both its lower contact with the Don Quixote Formation and its upper contact with
the Silurian section appear to be transitional (Fig. 12).

The Lower and Middle Ordovician sediments represent a transgressive period in the

whole region as indicated by its shaly nature. During the later part of the Late Ordovician
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through the Silurian and Early Devonian (lower part of the Emsian) deposition of an
intercalation of siltstones, sandstones and shales took place (Figs. 7, 12 and 13). The Don
Quixote-1 well penetrated 566 feet (172 meters) of Middle Ordovician, and 1,168 feet (356
meters) of Uppef Ordovician sediments. The total thickness of Ordovician sediments
should therefore be in excess of 528 meters (1,734 feet) in this well. The Parapiti-1 well
penetrated 1,296 feet (395 meters) of Ordovician sediments, of which 296 feet (90 meters)
are Lower Ordovician and 1,000 feet (305 meters) are Middle Ordovician shales.
Assemblages of chitinozoans and acritarchs are abundant and render a clear Ordovician age
in the Parapiti-1 well (Gilbert Boyd, 1988, oral communication). The Ordovician --and
probably Cambrian, if it is found in the Chaco-- represents a shelf environment in the study
area (Fig. 14 and 15) as indicated by palynology and regional geology.

The Ordovician shale section was not penetrated in the Bolivian Subandean Belt nor in
the Bolivian Chaco. The more distal facies of the Ordovician sediments in Paraguay, as
opposed to the Subandean Belt, indicate that the deepest part of the Ordovician sea between
the Subandean Belt and the Brazilian Shield was located in the western Paraguayan Chaco.
The Asuncién-1 well, in the San Pedro Trough in Eastern Paraguay, penetrated
paleontologically dated (Asuncion-1 final composite log, Pecten, 1981) Middle to Upper
Ordovician sandstones from approximately 2,780 to 3,011 meters (9,120 to 9,878 feet).
The remaining 212 meters (689 feet) of sandstones to the final depth of 3,223 meters
(10,574 feet) of this well did not yield any age determination. It is possible that a section of

the lower 212 meters in this well could be of Early Ordovician age.

Silurian
The Silurian System is widely distributed throughout Bolivia as well as in the Chaco
and Eastern Paraguay. Data from the Paraguayan Chaco discussed in this section indicate

that the sequences found in Bolivia and Paraguay are lithologically very different.
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Two formations occur in the Subandean Belt of Bolivia. These are the Cancaiiri
(Koeberlin, 1979,<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>