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Abstract

We review the Neogene geologic history of lowland Amazonia in an attempt to focus attention on areas of agreement, as well as
areas in dispute, in this research arena. We reinterpret pre-existing hypotheses, present new data, and discuss new insights intended
to support a unified synthesis of the Amazon Basin as a single sedimentary basin, albeit on a vast scale, during the late Miocene to
middle late Pliocene. We document the Ucayali Peneplain as an isochronous, Pan-Amazonian geologic feature that formed
following the early to mid-Miocene Quechua I orogenic phase of Andean tectonism. Peneplanation began possibly as early as
~ 15 Ma and terminated abruptly near the beginning of the late Miocene Quechua II orogenic event at ~9.5-9.0 Ma. Subsequently,
a thin cover of sediments comprising the Madre de Dios Formation began blanketing most of lowland Amazonia, excepting only
the eastern Subandean Fold-and-Thrust Belt and isolated highlands within the basin. The buried peneplain is readily observed in
river cutbanks throughout Amazonia as the marked, often angular Ucayali Unconformity that separates eroded, older, often folded,
faulted, and weathered, moderately to well consolidated Tertiary formations from unconsolidated, near horizontal, upper Neogene
deposits. The dates of formation of major unconformities and subsequent depositional events at widely separated areas within the
Andes of Bolivia, Ecuador, and Peru are coincident with that of the Ucayali Unconformity and deposition of the Madre de Dios
Formation and suggest that the events are linked to a common cause, which is interpreted to be the still on-going collision between
the South American and Nazca tectonic plates.

The Madre de Dios Formation has three members, the oldest of which documents a short-lived, high energy depositional
environment followed by a moderate-energy depositional environment, both occurring at a time when drainage from the basin was
unobstructed. The upper two members record fluctuations between moderate and low energy continental depositional environments
during a period when drainage from the basin was obstructed, disorganized, and took place over long distances with extremely low
gradients. The sedimentology of the Madre de Dios Formation, particularly the thick, massive beds of clay, and the widespread
presence of paleodeltas and associated geomorphic features on the Amazonian planato are consistent with the hypothesis that much
of the upper two members formed as lacustrine and deltaic deposits within a gigantic lake, Lago Amazonas, or, more probably,
within a complex series of interconnected mega-lakes that occasionally united to cover most or all of lowland Amazonia to a
shallow depth from the latest Miocene until ~2.5 Ma. The presence of the Ucayali Unconformity and the relatively uniform
lithostratigraphy basin-wide of the fluvial, fluviolacustrine, and lacustrine sediments of the upper Neogene Madre de Dios
Formation are consistent with the hypothesis that the Amazon Basin acted as a single, undivided sedimentary basin in the late
Neogene. The biostratigraphic correlation across important modern drainage divides of both micro- and macro-sized, late Miocene
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fossil vertebrates recovered from basal conglomerates of the Madre de Dios Formation, and the absence therefrom of fossil
vertebrates of any other age, is also consistent with this hypothesis. Two “’Ar/**Ar dates on ash deposits within the Madre de Dios
Formation corroborate the upper Miocene age of the basal horizons of that formation indicated by fossil vertebrates and support an
upper Pliocene age for the youngest sediments of the formation.

The modern Amazon River drainage system was established in the late Pliocene, at ~2.5 Ma, by the breaching of the eastern
rim of the sedimentary basin as a result of the basin being overfilled, or by headward erosion of the lower Amazon River, or both.
Data on Cenozoic mass accumulation rates and the chemistry of terrigenous sediments in the Atlantic Ocean obtained by Ocean
Drilling Project Leg 154, Ceara Rise support the postulated timing of the establishment of the modern Amazon River drainage
system at ~2.5 Ma, rather than the long-held view that this event occurred in the late Miocene. We discuss the important role of
ocean currents and sea level fluctuations on terrigenous mass accumulation rates on the Ceara Rise. The postulated time of
formation of the modern Amazon River is nearly coincident with the onset of the Plio-Pleistocene glacial climatic regime and the
lowest sea level stands since the latest middle Miocene. This analysis indicates that modern Amazonia is a product of terrain

development within an erosional regime since ~2.5 Ma.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

For anyone seeking an introduction to the late
Neogene geologic history of Amazonia, the task can
be quite daunting because, at first glance, the geology of
this region can appear very complex. This apparent
complexity can be attributed, in large part, to the
confusing picture of Amazonian geology present in the
modern literature and the lack of a clear synthesis as to
where research in this area currently stands. Contribut-
ing to the problem is the observation that hypotheses, or
models, of the geologic history of Amazonia are often
presented based entirely on local or regional, rather than
basin-wide, data, and few attempts have been made to
relate new hypotheses to those that have been presented
before. Attempts to correlate geologic events of
Amazonia to continental- or global-scale geologic
activity are even rarer. All hypotheses that have
attempted to resolve some large-scale aspect of the
basin’s geologic history have been subject to contro-
versy, which has given rise to a currently contentious
debate, and none have achieved the consensus status of
what might be called a “working model.”

Perhaps surprising, given the level of contentious-
ness of the current debate, is the fact that there are
actually many aspects of Amazonian geology, or data
sets pertaining thereto, that can be agreed upon, or
recognized as valid, by many researchers. The difficul-
ties arise in the interpretation of these data and their
implications for the overall history of the basin.
Nonetheless, significant progress in understanding the
Neogene of Amazonia has been achieved in recent years
(e.g., Schobbenhaus et al., 1984; Hoorn, 1993, 1994a,b;
Hoorn et al., 1995; Campbell et al., 2000, 2001;

Wesselingh et al., 2002; Vonhof et al., 2003). And it is
necessary that progress continue because until we
understand the geologic evolution of modern Amazonia,
which is fascinating and important in its own right, all
hypotheses attempting to explain the great biological
diversity of the Amazon Basin’s extensive and complex
ecosystems are without a solid physical foundation.

Much of the apparent, or perceived, complexity of the
geology of lowland Amazonia can also be attributed to
non-geologic factors. Foremost among these is the fact
that Amazonia is a vast physiographic region, compris-
ing approximately 40% of the South American conti-
nent, inaccessible in large part, and with portions found
in several countries. Historically, these factors have
made it difficult for individual researchers to view and
appreciate the basin as a whole. Another complication is
the almost unbroken cover of the world’s largest tropical
forests, which limits natural rock outcrops to the banks
and channels of rivers where they lie under water for
much of the year. Outcrops produced by humans (e.g.,
road cuts) are even rarer, usually very superficial, and
ephemeral in the tropical environment.

This paper addresses what we consider to be two of
the major unresolved questions regarding the late
Cenozoic evolution of South America: What was the
late Neogene geologic history of lowland Amazonia?
And, How was the geologic evolution of lowland
Amazonia influenced by geologic events outside of the
Amazon Basin? Central to these issues is the question of
whether or not the region that now comprises lowland
Amazonia functioned as a single sedimentary basin
during the late Neogene/Quaternary, or was this region
one of a series of independent sub-basins, each with
their own geologic history? In the former case, basin-
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wide, isochronous or nearly isochronous signatures of
major geologic events would be evident, whereas, in the
latter, major geologic events in one sub-basin would be
isolated from those occurring in other sub-basins, not
only in space but possibly also in time. In the former
case, the uppermost deposits underlying the Amazonian
planalto, or Amazonian high plain, and the modern
ecosystems covering them, would be of approximately
equal age everywhere, whereas in the latter case the
sequence-capping deposits of some regions could be
millions of years older than those of adjacent or
neighboring regions. Resolution of this single- vs.
multiple-basin question is necessary to establish the
basic framework for a detailed refinement of the
geologic history of lowland Amazonia.

Previously, we have argued for the single sedimen-
tary basin hypothesis (Campbell et al., 2000; Frailey,
2002), and we think recent advances in the field further
support this hypothesis. Herein we review the evidence
for a basin-wide, isochronous (late Miocene) Ucayali
Peneplain, which became the basis for the Ucayali
Unconformity, and discuss the possible reasons for its
development. We discuss the geologic and paleontolog-
ical data available for the Madre de Dios Formation, the
youngest Neogene formation of Amazonia. We then
review the various hypotheses presented to explain the
late Neogene/Pleistocene geologic history of lowland
Amazonia following the formation of the Ucayali
Peneplain, suggest what we regard as points in common
among the various disparate hypotheses, and discuss
some of the reasons for the controversies surrounding
them. We conclude by re-evaluating hypotheses and
data pertaining to the cause(s) and timing of the
establishment of the modern Amazon River drainage
system, and we present a new interpretation of the
timing of this event, which brought to an end the
penultimate phase in the physical evolution of the
Amazon Basin and ushered in modern Amazonia.

Although our own field efforts in Amazonia extend
over three decades and thousands of kilometers of
rivers, we have seen only a relatively small part of
Amazonia in three countries. To put the area in
perspective, the Amazon River drainage area comprises
~90% of the area of the contiguous United States, or
~90% of the area of the continent of Australia. Only a
small percentage of this drainage area falls outside what
is known as “lowland Amazonia.” We are, therefore,
dependent upon the published works of other research-
ers for observations and data pertaining to areas we have
yet to visit, both within and outside the Amazon Basin
proper. We do not question the accuracy of these data,
but we often suggest different interpretations of those

data pertaining to lowland Amazonia based on our
understanding of the late Neogene geologic history of
the region. Our view of Amazonian geology has
changed slightly over the years, primarily in regard to
the timing of certain signature events and the dating of
sediments, and it will continue to evolve and be refined
as new data become available. It must be recognized that
much work remains to be done before a consensus can
be reached on a unified synthesis of the Neogene
geologic evolution of Amazonia. We hope this review
and the presentation of new insights contained therein
will further this process and perhaps challenge others to
pursue new lines of geologic research in this little
known and relatively neglected physiographic region.

2. The Ucayali Unconformity

The first step in establishing a unified synthesis for
the geologic history of Amazonia is to determine if the
Amazon Basin functioned as a single sedimentary basin
in the late Neogene, or whether it was a series of
independent sedimentary basins. To resolve this ques-
tion in favor of the former, it is necessary to document a
signature, isochronous geologic feature common
throughout the basin, that is, a feature that ties the
several recognized sub-regions of the basin together as
one in the late Neogene. We think the Ucayali
Unconformity is just such a feature (Campbell et al.,
2000), and we postulate that its development was
intimately tied to Andean tectonic events. Thus, it is
important to document this unconformity in detail and
present a logical explanation for its formation. We do
not present every reference to the Ucayali Unconformity
and Andean tectonism known to us, but we do provide a
number that should be sufficient to portray, first, a
convincing picture of a basin-wide unconformity in
lowland Amazonia and, second, a linkage between the
unconformity and Andean tectonics.

2.1. Documenting the Unconformity

The Ucayali Peneplain was first identified by
Kummel (1948) in the Contamana region of the Ucayali
River valley of north central Amazonian Peru (Fig. 1).
He described the peneplain as having formed on the
rock formations of the Contamana Group, which
comprise the older Tertiary “red bed” sequence in
Peru. He postulated that a period of erosion followed an
orogenic episode of strong folding and faulting near the
end of the Miocene, which he suggested produced the
Subandean Fold-and-Thrust Belt and the high anticlinal
hills and ridges that extend from the Contamana region
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Fig. 1. Map of northern South America showing the location of the: (1) Contamana region of Peru, where Kummel (1948) first described the Ucayali
Peneplain and where we have recovered late Miocene (Chasicoan-Huayquerian SALMA) vertebrates from basal conglomerates of the Madre de Dios
Formation exposed along the Cachiyacu River; (2) Locality Inuya-03-III, on the Inuya River, Peru; (3) Locality RJ-95-2, on the Jurua River, Brazil;
(4) Locality RP-94-2 and RP-94-4, on the Purus River, Peru; (5) Locality Acre VI, on the Acre River, Peru; (6) Locality Niteroi, on the Acre River,
Brazil; (7) San Juan del Oro surface, Bolivia; (8) area of unconformity in Andes of southern Ecuador (Hungerbiihler et al., 2002); (9) Magdalena
Valley of Colombia; (10) type locality for the I¢a Formation (Maia et al., 1977); (11) Ceara Rise; (12) divide between the Amazon Basin and
Essequibo River valley; (13) area of lowest elevation divide between the Amazon Basin and the Orinoco River valley; and (14) area of lowest
elevation divide between the Amazon Basin and the Parana River valley. Arrows indicate locations of measured sections (Figs. 7 and 8) along the
Madre de Dios River and its tributaries in a sequence across the southern edge of the Amazon Basin. From west to east, (1) Manu River; (2) Cerro
Colorado; (3) Las Piedras River; (4) Humaita; (5) Sena; (6) Candelaria; and (7) Perserverancia. See text for details. Base map: U.S. Geological Survey

Digital Data Series DDS-62-A.

southward into the Sierra de Divisor (Serra do Mda in
Brazil). He referred to the denudation that followed this
uplift as “extremely rapid” and substantial, removing “in
places almost 3 miles [4.83 km] of sediments”
(Kummel, 1948, 1260). Kummel (1948, 1262) referred
to “the broad flat topographic area” extending east of the
Cordillera Oriental and surrounding the Contamana and
Contaya Mountains under the heading “Ucayali Pene-
plane.” He further stated that flat-lying alluvial deposits

unconformably overlie the Contamana Group close to
the Ucayali River and its larger tributaries. These
alluvial deposits comprise what he referred to as the
Ucayali Formation, which he tentatively considered to
be Pliocene to Recent in age. We correlate these alluvial
deposits with those named the Madre de Dios Formation
in southeastern Peru by Oppenheim (1946), and we use
the latter name because it has priority over the plethora
of names proposed for this formation since its original
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Fig. 2. Correlation chart for the Neogene stratigraphy of Amazonia. The end of the Ucayali peneplanation event is estimated to lie between 9.5 and
9.0 Ma, whereas the initiation of this erosional phase is less securely dated and probably varied somewhat around the basin. Note that the
peneplanation event occurred during a time of falling sea level. The end of deposition of the Madre de Dios Formation is estimated to have occurred
by 2.5 Ma, which corresponds to the second low sea level stand of the Plio-Pleistocene. We interpret the post-unconformity deposits as comprising a
single formation, the Madre de Dios Formation. Formational terminology after 'Leyton and Pacheco (1989); *Maia et al. (1977); *Galvis et al. (1979);
and “Campbell et al. (2000). Sea level curve after *Hardenbol et al. (1998).

description, both in Peru and in neighboring countries.
Thus, in the Ucayali River drainage basin the Ucayali
Peneplain can be observed in the high sides of tributary
valleys, whereas in the lowlands the Ucayali Peneplain
is covered by the Madre de Dios Formation.

As an erosional surface, the Ucayali Peneplain is also
an erosional unconformity, the Ucayali Unconformity,
where younger deposits overlie it. The often angular
Ucayali Unconformity separates the eroded, steeply to
slightly tilted, often weathered, moderately to well

consolidated, older Tertiary formations of the Conta-
mana Group in Peru [= Ramon Formation and Solimdes
Formation in Brazil (Schobbenhaus et al., 1984)] from
the overlying, unconsolidated, nearly horizontal beds of
the Madre de Dios Formation [= I¢a Formation in Brazil
(Schobbenhaus et al., 1984)] (Campbell et al., 2000)
(Figs. 2—4).

Riiegg and Rosenzweig (1949) and Riiegg (1952,
1956) also recognized in Peru the presence of a marked
unconformity between the older, folded Tertiary
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Fig. 3. Stratigraphic chart for eastern Peru showing early recognition of the Ucayali peneplanation event throughout eastern Peru, except for
southeastern Peru, an area for which there were almost no data in the mid-1970s. Note that the peneplanation event is placed in the late Pliocene—
earliest Pleistocene, as opposed to the late Miocene. Adapted from Pardo and Zuiiga (1976); translated from Spanish.
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formations and the overlying horizontal to sub-horizon-
tal beds. These authors related the origin of the
unconformity to peneplanation that followed the
“Quechua-Andino” phase of Andean tectonism, which
they thought dated to the early to middle Pliocene. They
suggested that this peneplain was the result of a single,
prolonged tectonic event that affected all of the older, or,
in their view, pre-lower Pliocene, “red bed” deposits of
eastern Peru.

Koch (1959a,b) described the Ucayali Peneplain in
Peru in some detail, indicating that the youngest
formation of the older Tertiary “red beds” subjected to
peneplanation pertained to the Miocene. He concluded
that the age of the Ucayali Peneplain must be Pliocene,
and he noted that unfolded beds of probable Pliocene
age were frequently found where the peneplain was well
preserved. He did not seem to recognize a distinction
between the Ucayali Peneplain, that is, areas where
eroded, older Tertiary deposits occur at the surface, and
the Amazonian planalto represented by the top of the
Madre de Dios Formation (= Ucayali Formation of
Kummel, 1948).

In southeastern Peru, Douglas (1933) might have
been the first geologist ever to note the Ucayali
Unconformity, but his description is tantalizingly brief.
ONERN (1972, 1977) described the horizontal to sub-
horizontal beds of the Madre de Dios Formation exposed
along the Inambari River, Acre River, and Madre de Dios
River as resting with notable angularity on older Tertiary
beds. Campbell and Frailey (1984, 1985), Frailey
(1986), and Campbell and Romero (1989) also described
the unconformity in this area, assigning a late Quaternary
age to the overlying Madre de Dios Formation. Rasidnen
etal. (1987, 1400) recognized a regional unconformity in
southeastern Peru, but suggested “The discordance is
probably of highly varying age in different areas.” More
recently, Hovikoski et al. (2005, 177) noted the Madre de
Dios Formation overlying “a regional unconformity” in
the same area.

In northeastern Peru, Guizado (1975) described thick
molasse deposits overlying the “Pebas Formation” via
an angular unconformity west of Iquitos, but he
correlated these deposits with the Ipururo Formation
of Kummel (1948). The Ipururo Formation, however,
underlies the Ucayali Unconformity and is often
considered a lateral equivalent of the “Pebas Formation”
(e.g., Mathalone and Montoya, 1995). Résénen et al.
(1998) and Roddaz et al. (2005) illustrated and
described sections showing older Tertiary deposits
unconformably overlain by younger deposits in the
Iquitos area, but they did not correlate the unconformity
with the Ucayali Unconformity.

Pardo and Zuiiiga (1976) (Fig. 3) and Mathalone and
Montoya (1995) emphasized the importance of the
Ucayali Unconformity as a stratigraphic marker
throughout Subandean and Amazonian Peru. It is also
recognized in many recent bulletins published by the
Peruvian Instituto Geoldgico, Minéro y Metalirgico
(INGEMMET) in support of the geologic map of Peru
(e.g., Asociacion LAGESA-CFGS, 1997). Risdnen et
al. (1992) also suggested that an unconformity separat-
ing younger from older Tertiary deposits was present
throughout the major part of the Peruvian Amazonian
lowlands.

In eastern Ecuador, Tschopp (1953) described the
“Quaternary” Mesa Formation overlying the older
Rotuno Formation via an angular unconformity. In
southeastern Colombia, Galvis et al. (1979) identified
the Tertiary deposits as Terciario Inferior Amazonico and
Terciario Superior Amazonico. They did not discuss an
unconformity between these two units, but they did
indicate that there were dramatic differences between
them and that, in general, the base of the Terciario
Superior Amazonico is an iron-rich conglomerate that is
similar virtually everywhere. Khobzi et al. (1980)
described horizontal, upper Tertiary deposits with basal
conglomerates overlying the lightly folded beds of the
“Pebas Formation.” They suggested a tentative correla-
tion with the Corrientes (= Madre de Dios) Formation of
Peru and the Sanozama (= I¢d) Formation of Brazil.
Hoorn et al. (1995, 239) described the unconformity in
southeastern Colombia thusly: “The base of the upper
Miocene—Pleistocene molasse sequence is a regional
unconformity in the Llanos basin....”

In northern Bolivia, Campbell et al. (1985) and
Leyton and Pacheco (1989) described and illustrated the
Ucayali Unconformity along the Beni River and Madre
de Dios River, respectively, without referring to it by
name.

The Ucayali Unconformity is also quite well known
in Brazil, although, again, not by name. Simpson (1961)
described and illustrated the unconformity along the
Juruad River, although Maia et al. (1977) credit Gold
(1967) with being the first in Brazil to recognize the
unconformity that separates older from younger Tertiary
deposits. Maia et al. (1977) described the I¢a Formation
(= Madre de Dios Formation) of Brazil, demonstrated its
separation from the underlying Solimdes Formation via
an unconformity over a vast area in central Amazonia,
and also demonstrated that it was mapable both in the
subsurface (i.e., via well cores) and in outcrops. They
concluded that the I¢a Formation was the same geologic
unit as the Sanozama Formation of Almeida (1974), but
they rejected the latter name because it was not properly
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established. Simpson and Paula Couto (1981) demon-
strated the great extent of the unconformity where it
crops out along the Jurud River in western Brazil.
Gingras et al. (2002) described the unconformity at a
section along the Acre River in southern Brazil, on the

border with Bolivia. More recently, Rossetti et al. (2005)
also described the I¢d Formation as overlying the
Solimdes Formation via an unconformity, although they
did not think the Ica Formation had as wide an areal
extent as did Maia et al. (1977).
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Campbell et al. (2000) reviewed the subject of the
Ucayali Peneplain and the overlying deposits compris-
ing the Madre de Dios Formation. They were the first
authors to place the many descriptions of a late Neogene
unconformity into a Pan-Amazonian context, and they
tentatively dated the period of formation of the Ucayali
Peneplain to between the end of the middle Miocene
Quechua I tectonic phase of the Andes at ~ 15 Ma and
the beginning of the Quechua II tectonic phase at ~ 10—
9 Ma. The probable end phase of peneplanation was
narrowed to ~9.5-9.0 Ma by the discovery and dating
of a volcanic ash just overlying the Ucayali Unconfor-
mity in southeastern Peru (Campbell et al., 2001).

However, the hypothesis that a single geologic event
resulted in a Pan-Amazonian peneplain is not univer-
sally accepted. Santos (1974), Santos and Silva (1976),
and Silva (1988), in discussing the geology of the
Brazilian Amazon, argued against the presence of a
widespread unconformity separating older Tertiary
deposits from the surficial beds in Amazonia. Santos
(1974) dated the uppermost deposits to the Pleistocene,
saying their deposition was strongly controlled by a
balance between rates of subsidence and sedimentation
indirectly controlled by glacioeustatic oscillations in sea
level. Santos and Silva (1976) recognized that wherever
the contact between the older and younger beds in
Amazonia could be seen, it was abrupt, but they
attributed this to “cut and fill” river actions. Silva
(1988) argued that the Madre de Dios Formation (= the
Ic4 Formation of Maia et al., 1977) was not separable
from the Solimdes Formation. Cozzuol and Silva (2003)
and Cozzuol (in press) argued that the Ucayali
Unconformity probably represents localized features of
fluvial systems.

The works of Risdnen et al. (1987, 1990, 1992) are
also at variance with the concept of a Pan-Amazonian
peneplain covered by a single formation throughout
lowland Amazonia. In the views of these authors, even
though they recognized the presence of an erosional

unconformity between the older Tertiary formations of
Amazonia and overlying beds, the Ucayali Peneplain as
a unifying, isochronous feature did not exist and the
uppermost sedimentary deposits do not comprise a
single formation.

In summary, we see that a marked, late Neogene
unconformity has been noted throughout lowland
Amazonia independently by numerous authors in
several countries. Most of the authors point out the
angular nature of the unconformity and the marked
differences in the lithology found above and below the
unconformity, and they assign a late Miocene or early
Pliocene age to the unconformity and a Pliocene to
Pleistocene age to the overlying deposits comprising the
Madre de Dios Formation. Even most of those authors
dissenting from the hypothesis that the Ucayali
Unconformity is an isochronous Pan-Amazonian fea-
ture, recognize an unconformity on a local, if not
regional, basis. So the question is not whether or not
there is an unconformity that could be, or could be
mistaken for, a basin-wide, isochronous unconformity.
The question lies in how one interprets the significance
of the observed unconformity(-ies). To support the
argument that the Ucayali Unconformity is an isochro-
nous Pan-Amazonian event, we now turn to more firmly
bracket its possible age and suggest an explanation for
its formation.

2.2. Formation of the Ucayali Unconformity

We have proposed elsewhere (Campbell et al., 2000)
that formation of the Ucayali Peneplain was initiated
following the early to mid-Miocene Quechua I com-
pressive tectonic event of the Andes. A more precise
dating of the initiation of peneplanation cannot be given
at this time because there are numerous questions
regarding the precise timing of the Quechua I event, as
there are for most tectonic events in the Andes (see
Marshall and Sempere, 1993, app. B; Jaillard et al.,

Fig. 4. The Ucayali Unconformity between the older Tertiary “red beds” and the Madre de Dios Formation is identifiable by an abrupt change in
lithology. (A) Bench of Tertiary “red beds” with overlying clay-pebble conglomerates that show steeply inclined (right to left) bedding (Purus River,
Peru; 70°20'22”W, 9°47'13”S); (B) complex channel sand deposits with thin hematitic layers overlying clay of older Tertiary “red beds” (Carama
River, Peru; 69°31712”W, 12°54/36”S); (C) a high bank of older Tertiary “red beds” is capped by a series of low angle conglomeratic deposits
(sloping left to right) that grade upslope into coarse sand deposits (Yurtia River, Peru, near junction with Huacapistea River; 72°42'21"W, 09°45’
23”8); (D) hematitic channel deposits of clay-pebble conglomerates level the undulating peneplain surface of the Tertiary “red beds,” then grade
upward into coarse sands with high hematite content, which, in turn, transition to loose, unconsolidated, light buff sands (Las Piedras River, Peru;
69°15’00”W, 12°27'36”S). Springs emanating from the unconformity are visible at each site [center in A and D, left of center in B (two streams of
water); and far left in C]. Note the low angle, inclined bedding of the “red beds” in A, with a fault plane in center of image. Note also in A the
diminution and then disappearance of calcitic bands upward toward the unconformity (best noted right of center), which is interpreted as an indicator
of weathering (i.e., a paleosol). Rounded rock clasts sourced from paleochannel deposits upslope are noted as slump debris in B (just above spring and
near top left). The basal sediments of the Madre de Dios Formation in A and C are best interpreted as the leading edge deposits of foreset beds,
whereas in B and D the basal sediments represent channel deposits.
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2000). Nonetheless, there is some agreement on
approximate timing [e.g., Mégard, 1984, 1987 bracket-
ed the Quechua I to between 20 and 12.5 Ma, whereas
Noble et al., 1990 placed it at 25—17 Ma; Sébrier et al.,
1988 placed it at 17—15 Ma; and Steinmann et al., 1999
cite a period of compressional deformation in Ecuador at
18 Ma, followed by extensional tectonism beginning at
~ 15 Ma (see also, Hungerbiihler et al., 2002)]. Thus, if
formation of the Ucayali Peneplain followed the
Quechua 1 compression event, peneplanation could
have begun as early as ~ 15 Ma.

As a counterpoint, however, it should be mentioned
that some authors (e.g., Noblet et al., 1996) have argued
that Andean uplift was more of a continuous process,
rather than a series of compressive events of short
duration with intervening periods of stasis as is often
presented (e.g., Mégard, 1984, 1987; Ellison et al.,
1989; Sébrier and Soler, 1991). There might be some
merit to this proposal for certain extended periods in the
life of the Andean chain, but based on the Andean
events that we review here we think that at least during
the time of formation of the Ucayali Peneplain a period
of relative stability, rather than continual compression
and uplift, persisted. Some uplift, or exhumation,
resulting from rapid erosion during the period of relative
stability following the Quechua 1 orogenic event (e.g.,
the removal of almost 5 km of sediments cited by
Kummel, 1948) would have occurred, but it was
probably minor in comparison to what followed during
the Quechua II orogenic event.

If a late mid-Miocene period of relative tectonic
stasis prevailed in the Andes, it should be possible to
identify geologic features within the Andes comparable
in nature and timing to the Ucayali Unconformity of
Amazonia. We cite two candidates as just such features.
The first is the San Juan del Oro surface and related
surfaces in the Andes of Bolivia south of Amazonia
(Fig. 1), which are widely recognized, regionally
extensive, geomorphic surfaces (Servant et al., 1989;
Gubbels et al., 1993; Kennen et al., 1997). The San Juan
del Oro surface is best characterized as a composite
landform, with low-relief uplands, coalesced pediments,
and a prominent unconformity beneath shallow, unde-
formed, but now deeply incised, Tertiary clastic
deposits, a description not unlike that applicable to
western lowland Amazonia. Furthermore, the age of the
unconformity of the San Juan del Oro surface is
bracketed between 18—8 Ma near 18°S and 13-9 Ma
at 21°S, or age ranges that overlap the estimated age of
the Ucayali Unconformity (Campbell et al., 2000).
Ignimbrites that overlie the unconformity date to 8.0—
5.0 Ma (Gubbels et al., 1993).

Of further interest is the estimation that surface uplift
of the San Juan del Oro surface, and others that are
comparable, approached between 2 and 3.5 km since
~10 Ma (Kennen et al, 1997; Gregory-Wodzicki,
2000). This would place the Andean foreland basin,
including the Subandean Fold-and-Thrust Belt, at near
sea level in the early late Miocene (Gregory-Wodzicki,
2000). It would also suggest that uplift of the Subandean
Fold-and-Thrust Belt probably began during the Que-
chua II tectonic event at 9.5-8.5 Ma, rather than the
Quechua III event at ~6 Ma, as was suggested by
Meégard (1987).

The second Andean event is recorded in the rocks
of southern Ecuador, west of central Amazonia (Fig.
1). Hungerbtihler et al. (2002) described in detail a
well-dated model for the Neogene sedimentary and
tectonic history of the southern Ecuadorian Andes. In
their model, subsidence resulting from extensional
tectonics west of the Cordillera Real in the middle
Miocene led to the formation of depositional basins at
or near sea level that filled with sediment derived
primarily from the east. Hungerbiihler et al. (2002)
referred to this depositional series as the “Pacific
Coastal Sequence,” and their chronostratigraphic
zircon fission-track data indicated that this depositional
period lasted from ~15 to 9.5 Ma. Their preferred
explanation for this period of extensional tectonics is
that it was prompted by the collision of the South
American continent with the Carnegie Ridge, which
Spikings et al. (2001) estimated began at ~ 15 to 9 Ma.
The data of Hungerbiihler et al. (2002) suggested to
them that the older date within this range was probably
the most accurate.

Hungerbiihler et al. (2002) described as the “Inter-
montane Sequence” a series of continental (i.e., alluvial
fan and proximal fluvial facies elements) and pyroclastic
deposits that overlie the “Pacific Coastal Sequence.” A
major, partly angular unconformity separates the older
Miocene deposits from the overlying, younger Neogene
deposits. Hungerbiihler et al. (2002) attributed this
unconformity to the initiation of compression and
tectonic inversion in the southern Ecuadorian Andes
that began between 10 and 9 Ma, a timing that is well
constrained by facies development and zircon fission-
track dating. They correlate the events they recorded in
southern Ecuador to those reported for the northern
Ecuadorian Andes by Spikings et al. (2000, 2001). They
could not say with certainty what brought about the end
of extensional tectonics and initiated the period of
compression and tectonic inversion that led to the
deposition of the “Intermontane Sequence,” but they
suggested that it was related to the degree to which the
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South American continent had overridden the buoyant
Carnegie Ridge.

Steinmann et al. (1999) calculated that surface uplift
of the “Pacific Coastal Stage” rock series of the Cuenca
Basin of Ecuador, which were deposited at or near sea
level, has been approximately 2700 m since ~9.5 Ma.
This degree of elevation is in the middle of the estimated
range of surface elevation for the San Juan del Oro
surface (Kennen et al., 1997; Gregory-Wodzicki, 2000).
The timing of the uplift of these two widely separated
areas in the Andean chain is consistent with the
hypothesis of major Andean tectonic events bordering
Amazonia being nearly isochronous.

One might reason that once initiated, possibly as
early as ~15 Ma, the peneplanation event in lowland
Amazonia was facilitated by the gradual drop in sea
level from a high of ~145 m amsl (above modern sea
level) at ~14.5 Ma to a low of ~50 m bmsl (below
modern sea level) at ~ 11.3 Ma (Hardenbol et al., 1998).
If there were no restrictions on outlets to the sea, this
nearly 200 m drop in ultimate base level would have
ensured that erosion, not deposition, was the dominant
force at work in lowland Amazonia at this time.
However, this period also corresponds to the time of
existence of the younger portion of Lago Pebas
(Wesselingh et al., 2002), a long-lived, freshwater
mega-lake in western Amazonia. Hungerbiihler et al.
(2002) suggested that local extension in the middle
Miocene might have stepped back across the Cordillera
Real, providing a connection between their Pacific
Coastal depositional realm and the Amazonian region. If
this were the case, then it is reasonable to assume that
during the period of low sea level centered at ~11.3 Ma
(Hardenbol et al., 1998) this connection might have
been the primary portal for drainage of the Amazon
Basin, and it suggests that the Andes were serving as a
local base level, maintaining Lago Pebas at an elevation
above sea level. However, marine incursions into Lago
Pebas have been documented between 12 and 10 Ma
(Wesselingh et al., 2002). Although Vonhof et al. (1998)
and Wesselingh et al. (2002) proposed that these marine
incursions came from the north, it might be more
parsimonious to consider the possibility that continued
extension and subsidence in southern Ecuador provided
a shorter incursion pathway by the time sea level rose to
~22 m amsl at ~10 Ma (Hardenbol et al., 1998), just
prior to the beginning of the Quechua II orogenic event.
Following compression and tectonic inversion, which
began at 10-9 Ma, this portal to the Pacific closed and
the drainage system within lowland Amazonia experi-
enced reorganization. Given the long-term existence of
Lago Pebas in west-central Amazonia, it is to be

expected that peneplanation was restricted to those parts
of the basin not covered by the mega-lake, whereas
deposition was occurring within the core area of Lago
Pebas. Therefore, it is conceivable that the youngest
Pebasian sediments are overlain conformably by the
Madre de Dios Formation. If this is the case, however,
the youngest Pebasian sediments must be in undescribed
areas to the west of Iquitos because paleosols cap the
Pebas beds in the Iquitos area (e.g., Rasdnen et al., 1990;
Roddaz et al.,, 2005), and in nearby southeastern
Colombia the Pebas beds are slightly tilted (Khobzi et
al., 1980).

Renewed, strong compression and uplift in the Andes
[Quechua II event; 9.5-8.5 Ma (Mégard, 1984, 1987);
12—-8 Ma (Noble et al., 1990); ~10 Ma (Sébrier et al.,
1988; Sébrier and Soler, 1991); ~9 Ma (Steinmann et
al., 1999); ~10-9 Ma (Hungerbiihler et al., 2002)]
brought to an end the Ucayali peneplanation event and
initiated deposition of the Madre de Dios Formation.

The sequence and timing of tectonic events in the
Colombian Andes were more complex than those to the
south because of the influence of impacting allochtho-
nous terranes and the movement of the Caribbean Plate
(Aleman and Ramos, 2000). Of note to this discussion,
uplift of the Eastern Cordillera of Colombia began at
~12.9 Ma, and by ~11.8 Ma the Eastern Cordillera
might have been established as a continuous range
separating the Magdalena River valley (Fig. 1) from the
Amazon Basin (Guerrero, 1997). Although Hoorn et al.
(1995) refer to deposition over an unconformity within
the Magdalena River valley beginning at ~10.1 Ma,
there are no data to indicate how or when the presence of
the Eastern Cordillera began to impact deposition within
lowland Amazonia. Given the more complicated history
of tectonism in the Colombian Andes, it would not be
surprising if initiation of deposition of the Madre de
Dios Formation in the llanos of Colombia began slightly
earlier, or even later, than farther to the south.

In summary, two large-scale unconformities separat-
ed by nearly 2500 km are found within the Andes that
correspond closely in age to each other and to the
postulated basin-wide, isochronous Ucayali Unconfor-
mity of lowland Amazonia. Although the occurrence of
these three unconformities of similar ages could be a
coincidence, we think it more likely that they reflect an
interrelated response to Andean tectonism, the ultimate
cause of which was the convergence of the Nazca and
South American tectonic plates (see, e.g., Pilger, 1984;
Pardo-Casas and Molnar, 1987, and Sébrier and Soler,
1991). There are undoubtedly other large-scale pene-
planation surfaces in the Andes [e.g., the Pampa
Lagunas Apron Pediment, also known as the Puna
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surface (Garver et al., 2005), which is bracketed by
dated ignimbrites of 14.2 Ma and 11.2 Ma (Tosdal et al.,
1984)], but it is not considered necessary to produce a
finite list and description of all known peneplanation
surfaces in order to convey the probable teleconnection
between Andean tectonic events and peneplanation in
lowland Amazonia.

3. The Neogene formations of Amazonia
3.1. Pre-Ucayali Unconformity formations

The older Tertiary continental deposits of Amazonia
underlying the Ucayali Unconformity comprise a series
of formations that are often difficult to distinguish in the
field. As a result, for many decades of the last century
these strata were simply referred to as the Tertiary “red
beds” of Amazonia. In Peru, these formations are now
placed within the Contamana Group (Kummel, 1948),
whereas in Brazil they are referred to as the lower
Tertiary Ramon Formation and the younger Solimdes
Formation (Schobbenhaus et al., 1984) (Fig. 2).
Although ages for these formations have been postulated
based on scarce and scattered paleontological data, there
are no numerical age dates to corroborate these ages.
The youngest of these strata correspond to the Ipururo
Formation in Peru and its lateral equivalent in Brazil, the
upper part of the Solimdes Formation. For detailed
lithologic descriptions of the older Tertiary formations,
see Kummel (1948), Riiegg (1956), Maia et al. (1977),
Khobzi et al. (1980), Schobbenhaus et al. (1984), Hoorn
(1993, 1994), and Wesselingh et al. (2002).

As mentioned above, the “Pebas Formation” is often
considered a lateral equivalent of the Ipururo Formation,
and it would, therefore, also be a lateral equivalent of the
upper part of the Solimdes Formation. Although the
term “Pebas Formation” is often used (e.g., Wesselingh
et al., 2002; Vonhof et al., 2003), this stratum has never
been formally named, and these fossiliferous deposits
are probably best referred to as simply the “Pebas beds.”
These beds have been dated by pollen (Hoorn, 1993,
1994; Wesselingh et al., 2002), and their age range
appears to extend from the early Miocene to early late
Miocene (~20 Ma to ~10 Ma). If these dates are
accurate, deposition of the younger of the Pebas beds
took place at the same time peneplanation was occurring
in other parts of the basin.

Three features seem to characterize the top of the
older “red bed” sequence. First, these older, moderately
to well consolidated “red beds” with their high clay
content are relatively impervious to ground water
compared to the unconsolidated, overlying sediments,

thus ground water migrates laterally at the Ucayali
Unconformity and appears as springs in riverbank
sections where the unconformity is above the water
level (Fig. 4). The springs serve as excellent field
markers for the unconformity because they do not
occur within the unconsolidated sediments of the
overlying Madre de Dios Formation, although “wet”
zones associated with pervious horizons bounded by
impervious clays do occur in that formation. Slumping
of the overlying strata at the Ucayali Unconformity is
very common because of the lubricating effect of
abundant ground water, and this slumping often makes
it difficult to view complete stratigraphic sections. The
widespread occurrence of very high concentrations of
hematite just above the Ucayali Unconformity is also
attributable to the impervious nature of the older,
consolidated strata, which leads to high concentrations
of iron in ground water above the unconformity. That
is, downward percolation of ground water carrying
iron compounds is stopped at the unconformity, and
the iron concentration at that level is then increased to
high levels by evapotranspiration during extended dry
seasons, which leads to the deposition of iron
deposits. Hematitic zones attributable to ground
water flow are also found scattered throughout the
upper horizons of the Madre de Dios Formation, but
they never approach the magnitude seen just above the
Ucayali Unconformity.

Second, paleosols commonly occur at the top of the
older Tertiary sequence (Figs. 4A and 5A). Simpson and
Paula Couto (1981, 16) noted that the oldest exposed
Tertiary beds along the Jurud River in Brazil had “a clear
weathered and erosional disconformity” at their top.
Campbell and Frailey (1984) noted the presence of a
paleosol at the top of the older “red beds” in
southeastern Peru. Along the Acre River in southeastern
Peru, Frailey (1986) described visible bedding planes
and calcitic stringers of the older “red beds” disappear-
ing upward into a weathered zone underlying an
unconformity (Figs. 4A and 5A). Résénen et al. (1990,
1992) noted the “weathered” condition of the top of the
older “red bed” sequence throughout the major part of
the Peruvian Amazon, and Résdnen et al. (1998) and
Roddaz et al. (2005) described paleosols marking the
top of the Pebas beds in the Iquitos area of Peru. These
observations of weathering and paleosol development
are important because they demonstrate that the Ipururo/
Solimdes Formation experienced sub-aerial weathering
for some time before deposition of the overlying Madre
de Dios/Ica Formation. The common, widespread
presence of a strong weathering zone marking the top
of the “red beds” would appear to falsify hypotheses of
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Fig. 5. (A) The presence of paleosols on the consolidated older Tertiary “red beds” is illustrated by calcitic bands (sloping left to right, center and right
arrow) disappearing upward toward the Ucayali Unconformity (white arrow). A fault plane is indicated by arrow on the left, and this arrow lies
between two other fault planes that are almost in parallel with it. This combination of fault planes is a demonstration of a classic strain ellipsoid. Fault
planes, other than those resulting from large scale slump blocks, are absent from the overlying Madre de Dios Formation. (Acre River, Peru;
approximately 69°47'22”W, 10°55'20”S). (B) The basal conglomerates of the Madre de Dios Formation can be iron-cemented and form highly
resistant shelves overlying the “red beds.” At this site there is a layer of iron-cemented, coarse sand directly underlying the basal conglomerate and
overlying the Ucayali Unconformity. The cemented conglomerate transitions rapidly upward into loose sands of Member “A” of the Madre de Dios
Formation. Where the basal conglomerate is cemented in this fashion, it will form rapids when the water level reaches certain depths. The arrow
indicates the edge of a paleochannel within the “red beds” that predates deposition of the Madre de Dios Formation (Madre de Dios River, near mouth

of Las Piedras River, Peru; 69°27/30”W, 12°29'10”S).

continuous deposition within Amazonia throughout the
Neogene, as well as arguments for fluvial cut-and-fill
processes creating local unconformities. In a dynamic
fluvial system, the latter type of unconformity presum-
ably would experience only short-lived exposure
insufficient for the formation of deep paleosols.

Complete paleosol profiles have not been reported
under the Ucayali Unconformity, nor is a weathering
zone present at every outcrop, but this is to be expected
given the high energy erosional environment that must
have immediately preceded deposition of the Madre de
Dios Formation (see below).
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Fig. 6. Generalized geologic section seen along rivers in western, southern, and central Amazonia. The oldest strata exposed during the dry season
low water period belong to the Contamana Group, usually the Ipururo Formation (shown here) or Chambira Formation in Peru (both included in the
Solimdes Formation in Brazil). The Ucayali Peneplain appears as a marked unconformity, shown here as the dark line separating the Ipururo
Formation from the overlying Madre de Dios Formation (=I¢a Formation in Brazil). The Madre de Dios Formation is divisible into three horizons, the
oldest being Member “A,” which dates to the upper Miocene (Chasicoan/Huayquerian SALMA) based on contained fossils and the “°Ar/*°Ar date on
the Cocama ash. The age of Member “B” is unknown, but the lower portion of Member “C” has been “°Ar/*°Ar dated to 3.12+0.02 Ma. Theoretically,
Member “B” and Member “C” could extend downward as far as the Contamana Group, a consequence of deposition following riverine erosion of the
underlying unit(s), but the extreme downcutting illustrated here has not been observed in the field. The three members of the Madre de Dios
Formation are primarily composed of horizontal beds of unconsolidated sands and silts, and the upper two members often have high clay content.
Member “A” consistently has a much coarser clast size than the other two members of the formation. Fairly thick clay horizons might occur in all
three units, but they are most common in Unit B (where they are depicted here). Isolated paleochannel deposits occur in all three units of the Madre de
Dios Formation. Modified from Campbell et al. (2001).

Third, the Ucayali Unconformity most often occurs in
outcrops very near the dry season low water mark. This is
because Amazonian rivers are entrenched into the
unconsolidated deposits of the Madre de Dios Forma-
tion, a process that began with the establishment of the
modern Amazonian drainage system, and it is the
resistant, consolidated “red beds” that usually form
local base levels. Indeed, rapids formed by differential
erosion of well consolidated horizons of the “red beds”

are common in smaller tributary streams during dry
seasons, and they also occur in some of the major rivers
(e.g., the Madre de Dios River in Bolivia). This is not to
say that all rapids occur because of resistant “red beds,”
however. Where the basal conglomerates are well
cemented by iron deposits, they can form very resistant
horizons that result in the formation of rapids (Fig. 5B).

It should also be noted that low angle faulting is
commonly observed within the “red beds” (Figs. 4A and
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5A). This faulting probably resulted from compressive
forces exerted on the “red beds” during the Quechua I
tectonic event. Similar faulting has not been observed in
the Madre de Dios Formation.

3.2. The Madre de Dios Formation

We interpret the youngest sedimentary sequence in
lowland Amazonia, excluding Quaternary floodplain

A

SOIL PROFILE/
SOIL PROFILE, LATERITIC

SAND/
SAND, CROSS-BEDDED

SAND, STRATIFIED/
SANDSTONE, IRON CEMENTED

SAND, SILTY/
SAND, CLAYEY

SAND WITH CLAY PEBBLES/
SAND WITH CLAY BALLS

CLAY/
CLAY, LAMINATED

CLAY, SILTY/
CLAY, SANDY

CLAY AND SAND, STRATIFIED/
CLAY AND SILT, STRATIFIED

and terrace deposits, as comprising a single formation
(Figs. 2 and 6). This formation is mapable from
northern Bolivia in the south to southeastern Colombia
in the north and from eastern Peru and Ecuador in the
west to east-central Brazil in the east. This formation is
known by many names that have been applied locally,
or regionally, the most well known of which are: Madre
de Dios Formation, Ucayali Formation, and Ica
Formation. We prefer the first of these names because
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SAND, BUFF
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SAND, BUFF

SAND, BUFF, COARSE
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Fig. 7. A series of sections along the Madre de Dios River across the southern rim of the Amazon Basin demonstrate the complexity of the
lithostratigraphy of the Madre de Dios Formation. Sections were measured and examined at 1 m intervals by rope descent of vertical cliffs, except in
one instance. Sediment samples were collected at each interval, but they have not yet been analyzed. Fine structural details were not recorded, but
major lithologic changes between sampled intervals were.
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CERRO COLORADO
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SOIL PROFILE
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SAND, DARK BUFF AND TAN
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CLAY, BUFF WITH SOME RED LAYERS,
LAMINATED WITH SILT

CLAY, BUFF, SCATTERED SILT LAMINATIONS

CLAY, BLUE-GREEN, MASSIVE

—— —THIN HEMATITIC LAYER
SAND, BUFF, FINE, WITH HIGH CLAY AND SILT CONTENT

____—~CLAY, GRAY, SILTY, HEMATITIC LAYER BELOW
SAND, BUFF

—— CLAY, BLUE-GREEN, 30 CM, UNLAMINATED
SAND, GRAY, CLAYEY

SAND, BUFF

SAND. ORANGE. COARSE. WITH LOCAL HIGH CLAY CONTENT
CLAY. SILTY, BUFF

CLAY. BLUE-GREEN, UNLAMINATED
CLAY, BUFF, FINELY LAMINATED WITH SILT

SAND, BUFF, FINE, FINELY LAMINATED WITH SILT

SAND, ORANGE, WITH MULTIPLE THIN HEMATITIC LAYERS,
FINELY LAMINATED

SAND, BUFF, FINE, FINE HORIZONTAL LAMINATIONS

SAND, DARK ORANGE, WITH BUFF CLAY BALLS

EEOCHANNEL FILLED WITH CLAY BALLS
SAND, BUFF
SAND, BUFF, WITH CLAY BALLS

SAND, BUFF, WITH ABUNDANT CLAY BALLS, HEMATITIC

SAND, DARK, HEMATITIC

—— —5 CM THICK LAYER OF HEMATITE TUBES AND LAYERS
PALEOCHANNEL FILLED WITH CLAY

SAND AND SILT, INTERBEDDED
CLAY. GRAY, SANDY

CLAY, GRAY, SANDY, WITH ABUNDANT FOSSIL WOOD
—  WATERLINE

LAS PIEDRAS RIVER

69°14' 24" W
12°30' 36" S

40—

35—

30—

20—

Fig. 7 (continued).

SOIL PROFILE

CLAY, LIGHT RED
CLAY, SANDY, YELLOW TAN

CLAY, VARIEGATED RED, YELLOW, GREEN, GRAY

SAND, LIGHT TAN, WITH QUARTZITE PEBBLES TO 7 CM

SAND, PURPLE WITH YELLOW BANDS, SMALL PEBBLES

SAND, PURPLE WITH YELLOW BANDS, CLAY PEBBLES COMMON
SAND, MOTTLED AND VARIEGATED WITH YELLOW, PURPLE,

BLUE-GRAY
COVERED

CLAY, BLUE-GREEN

CLAY, SILTY TO SANDY, GRAY-GREEN
CLAY, BLUE-GREEN WITH TAN SILTY LAYERS
—— — SAND LAYER

SAND AND CLAY, STRATIFIED, SOME
—_ LAYERS WITH CLAY PEBBLES

SAND, REDDISH TAN

SAND, WITH THIN LAYERS OF CLAY PEBBLES

CLAY, GRAY
———HEMATITIC HORIZON

SAND

SAND, HEAVILY HEMATITIC WITH CLAY BALLS
SAND, GRAY

SAND, ORANGE, WITH HEMATITIC LAYERS
AND INTERBEDDED CLAY

SAND, ORANGE, CROSS-BEDDED

SAND AND CLAY, ALTERNATING LAYERS

SAND, CROSS-BEDDED

SAND, WITH CLAY BALLS, HEMATITIC

SANDSTONE, IRON CEMENTED

SAND, WITH FOSSIL WOOD
— WATER LINE
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it has priority over all others and suggest that it be
adapted throughout the basin. The Madre de Dios
Formation has been described by numerous authors
based on independent local or regional studies, and
there are many points in common among these
descriptions, as we shall discuss. Because of its
importance, we will look at four aspects of this
formation (i.e., lithology, age, paleontological data,
and environments of deposition) separately.

C HUMAITA

68°15' 08" W
11° 59' 44" S

SOIL PROFILE, LATERITIC

CLAY, SILTY, TAN, NO STRUCTURE

CLAY, SILTY, THIN STRATIFICATION

CLAY, SILTY, NARROW LAMINATIONS

CTAY, SILTY, WITH LAYERS OF CLAY PEBBLES

CLAY AND SILT, STRATIFIED, YELLOW AND DARK,
SILT HEMATITIC

SAND, SILTY, LIGHT YELLOW
SAND, LAMINATED, WITH CLAY BALLS,
HEMATITIC

CLAY, SANDY
SAND, LAMINATED, HEMATITIC LAYERS

SAND, YELLOW, ABUNDANT CHANNELS
AND STRATIFICATION, WITH 7 CM CLAY BALLS

—— UCAYALI UNCONFORMITY

COVERED

CLAY, DARK

—  WATERLINE

All authors have described the uppermost Neogene
deposits of lowland Amazonia as comprising horizontal
or sub-horizontal beds. In outcrops, these beds do
appear horizontal, but even the longest outcrops are
much too short and too widely spaced to permit tracing
elevations over long distances. We have noted possible
broad, slight uplift of these beds south of the Sierra de
Divisor, which might reflect minor uplift along a
southern extension of that fold and thrust belt. Dumont

SENA

67° 15' 09" W
11° 28’ 22" S

_’7%_: :1_}__2‘% SOIL PROFILE

SILTS, WITH CLAY

CLAY, LAYERED. RED AND WHITE, WITH LOCALIZED POCKETS OF SAND
————HEMATITIC CLAY PEBBLE CONGLOMERATE, 20 CM

SAND, FLECKED TAN

SAND, TAN, WITH LENS OF CLAY

HEMATITIC CLAY PEBBLE CONGLOMERATE WITH LAYERS OF SAND
%D, TAN AND GRAY, LAYERED

SAND WITH CLAY BALLS IN CHANNEL

SAND, ORANGE AND TAN, LAYERED

LAYERS OF HEMATITIC CLAY BALLS AND SAND
SAND, FLECKED TAN, HORIZONTALLY LAYERED
HEMATITIC SAND LAYER WITH UNDERLYING CLAY BALLS

HEMATITIC SAND LAYER, 2.5CM
SAND, WITH CLAY AND CLAY BALLS
——=HEMATITIC LAYER IN SAND

SAND, SILTY, PURPLE-FLECKED TAN

SAND, YELLOW

—— —CLAY LAYER, 15 CM

SAND

——HEMATITIC SAND LAYER, 2.5 CM, WITH CLAY BALLS ABOVE
ND COARSE SAND BELOW

SAND, COARSE, PURPLE

SAND, PURPLE-ORANGE, WITH LENS OF CLAY BALLS
SAND, WITH ~40% CLAY BALLS ~1 CM DIAMETER

CLAY, FINELY LAMINATED WITH SILT

CLAY, SOME FINE LAMINATION OF SILT

——HEMATITIC LAYER
SAND

SAND, SOME CLAY, TUBULAR AND LAYERED HEMATITE,
LARGE LOGS

—— WATER LINE, UNCONFORMITY COVERED

Fig. 7 (continued).
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etal. (1991) also suggested that the surface of these beds
is tilted away from the structural highs in the lowlands of
eastern Peru. The possible slight tilt away from the axis
of the Sierra de Divisor might be related to compressive
forces acting on that zone, or it might be related to
igneous activity there (Campbell et al., 2000). The
differences in elevation observed, however, are so small
that ascertaining the magnitude of any broad scale tilt of
these beds is impossible without highly sophisticated
devices unavailable to us. Still, from the essentially
horizontal structure of these beds throughout lowland
Amazonia, and in the absence of bedding plane offsets
resulting from faulting, it can be assumed that no
compressive phase of tectonism has affected the basin
since deposition of the Madre de Dios Formation began
~9.5-9.0 Ma.

The thickness of the Madre de Dios Formation is
highly variable. In northern Bolivia, the formation is in
places < 10 m thick (Campbell et al., 1985), whereas,
at the other end of the basin, Galvis et al. (1979)
illustrate a section 52 m thick in Colombia. Maia et al.
(1977) measured the thickness of the formation as

D CANDELARIA

SOIL PROFILE

CLAY, MOTTLED RED AND WHITE

CLAY, GRAY, WITH HEMATITIC POCKETS

CLAY, GRAY, WITH POCKETS OF SAND

SANDS, WHITE, WITH HEMATITIC CROSS-BEDDING,
CHANNEL DEPOSITS WITH CLAY PEBBLES

AND POCKETS OF WHITE CLAYEY SAND
CLAY, YELLOW WITH RED MOTTLING, MASSIVE

CLAY, YELLOW, WITH POCKETS OF FINE SAND AND THIN
HARD LAYERS OF HEMATITE
CLAY, RED AND GREEN, GENTLY \NCLINING WITH YELLOW SAND
LEN

\SAND WITH INCLINING LAYERS OF CLAY
CLAY, UNLAMINATED

SAND, FINE, CROSS-BEDDED, LAYERS OF CLAY

> SAND, HEMATITIC, 15 CM BANDS

SAND, GRAY, WITH POCKETS OF LAMINATED CLAY,
ABUNDANT FOSSIL WOOD

—— UCAYALI UNCONFORMITY
CLAY, GRAY, BROWN, WITH “POPCORN”" SURFACE

CLAY, RED, BLOCKY

—— WATERLINE

SAND, WHITE, CROSS-BEDDED. WITH THIN LAYERS OF CLAY PEBBLES,

'S SURROUNDED BY HEMATITE

79 m at the reference locality of their I¢a Formation
(well 1AS-41-AM), and they give an estimated
maximum thickness for the formation of 140 m. A
notable thinning of the formation from west to east has
been noted by several authors (e.g., Maia et al., 1977,
Galvis et al., 1979; Figs. 7 and 8). The base of the
formation, covering as it does a peneplain, is
undulating and irregular. The thickest section we
have measured is 70 m (locality MP-5 of Campbell
and Romero, 1989), which is found at Cerro Colorado
(also known as Aurinsa) on the Madre de Dios River
in southeastern Peru (12°34/26”S; 70°06'25”W) (Figs.
1, 7-9). (Note: Hovikoski et al., 2005 describe this
section and give its thickness as only 40 m.)

The top of the Madre de Dios Formation comprises
the Amazonian planalto, which is equivalent to and also
known as the Amazonian terra firme in those regions of
Amazonia where the planalto has not yet been eroded.
Almeida (1974), Khobzi et al. (1980), and Campbell
(1990) observed that the top of this formation comprises
a surface of accumulation, not a peneplain. Rapid, basin-
wide entrenchment of the rivers and streams of

PERSERVERANCIA

65° 36" 04" W
10°31'63" S

SOIL PROFILE

CLAY, RED AND YELLOW, WITH ABUNDANT SILT

SILT, RED TAN
SILT, RED TAN, WITH MORE SAND, LESS CLAY

SAND, DARK RED, WELL-SORTED
~10 CM HORIZON OF CLAY BALLS CEMENTED WITHHEMATITE
CHANNEL DEPOSIT WITH CLAY BLOCKS TO 15 CM DIAMETER,

ND LENS OF SAND

CLAY, GRAY, WITH LENS OF TAN CLAY

—15 CM HORIZON OF YELLOW-TAN CLAY
CLAY, DARK GRAY WITH ABUNDANT LAMINATIONS
CLAY, GRAY, UNLAMINATED

CLAY, YELLOW-TAN, UNLAMINATED
CLAY, GRAY, SOME LAMINATIONS OF GRAY SAND

CLAY, GRAY, WITH LENS OF GRAY SAND

CLAY, ALMOST BLUE, WITH FEW LAMINATIONS OF FINE SAND,
SAND, WITH FOSSILWOOD 0SSIL WooD
CLAY, BLUE-GRAY

CLAY, BLUE, WITH LENS OF YELLOW SAND EVERY 5-6 MM
WATER LINE

Fig. 7 (continued).
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Fig. 8. Tentative correlation chart of sections shown in greater detail in Fig. 7.
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Amazonia has resulted in the geomorphology of
uneroded portions of the planalto being much as it
was at the time accumulation of the formation ceased.
That is, the planalto represents a “snap shot” of the
depositional environment at the time deposition in
lowland Amazonia ceased. Within the confines of the

flood plains of all large Amazonian rivers, fluvial
erosion has substantially, if not entirely, removed both
the Madre de Dios Formation and all traces of the
Ucayali Peneplain. Nonetheless, wherever Amazonian
rivers and streams erode their valley walls, the Madre de
Dios Formation is exposed in the resulting cutbank.

Fig. 9. The Madre de Dios Formation comprises three members, which are often clearly visible in fresh outcrops, as seen in these four photographs.
(A) Madre de Dios River, just upriver from Puerto Maldonado, Peru (69°1121”W, 12°35’ 07”S); (B) Madre de Dios River, Cerro Colorado, Peru
(70°06'25"W, 12°34’26”S); (C) Tambopata River, Peru, just downriver from mouth of Carama River (69°30’59”W, 12°54'24”S); and (D) Upper
Purus River, Peru (71°20'47"W, 10°32/41”S). Horizontal bars indicate boundaries between members; RB=older Tertiary “red beds.” Member “C”
and part of Member “B” of the Madre de Dios Formation are missing from the section shown in A, and the lowermost stratum comprises the Ipururo
Formation (RB). In A and B, the Ucayali Unconformity is above the water line, whereas in C and D it occurs below the water line. In A, note the
springs at the Ucayali Unconformity, which are indicted by dark bands across the exposed older Tertiary “red beds.” In D, note the inclined (right to
left) bedding in Member “A,” whereas in Member “B” and Member “C” the bedding is horizontal.
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3.2.1. Lithology

In their initial work on the Acre River in Peru,
Campbell and Frailey (1984, 1985) recognized three
distinct horizons of the Madre de Dios Formation, which
they informally designated Member “A,” Member “B,”
and Member “C,” from bottom to top (Figs. 6 and 9).
Earlier, Simpson and Paula Couto (1981) had divided
the Madre de Dios Formation into two primary
sequences along the upper Jurua River, with a basal
conglomerate considered as a separate horizon. We
interpret their “Pleistocene Phase 1” as correlating with
Member “A” and their “Pleistocene Phase 2” to include
both Member “B” and Member “C.” Hovikoski et al.
(2005) divided the Madre de Dios Formation in
southeastern Peru into three horizons, although they
place the contact between the horizons at slightly
different positions within the stratigraphic column than
we do.

The three members of the Madre de Dios Formation
are normally distinguishable wherever a complete
stratigraphic section is exposed (Fig. 9), but complete
sections tend to be relatively far apart because of
slumping and terracing during river downcutting,
especially in larger rivers (Fig. 1). Usually, it is only
the lowermost horizons, which are swept clean during
periods of high water, or the uppermost horizons
exposed at fresh slump scarps, that are clearly visible.
In exposures whose faces have been open to the
elements for a long period, debris wash can cover
intraformational contacts and facies transitions that are
readily seen in fresh exposures. The intraformational
contacts might represent erosional surfaces or brief
interludes of non-deposition, or they might represent
points in time of dramatic shifts in the depositional
environment within the basin. At this time, there is no
clear explanation for the observed intraformational
contacts, although the lack of paleosols suggests an
absence of long-term, sub-aerial exposure. For strati-
graphic profiles of representative sections at sites from
west to east, from near the Andes to near the Brazilian
Shield, across southern Amazonia, see Figs. 7 and 8.

Member “A” of the Madre de Dios Formation is “...
very complex sedimentologically and structurally, with
considerable lateral and vertical facies changes” (Camp-
bell and Frailey, 1984, 193). The basal portion of
Member “A” is the most complex of the unit, with
numerous different facies present ((Figs. 4, 5B, 7, 10 11
12). An important, regularly occurring basal facies is a
clay-pebble, or clay-ball, conglomerate, commonly
including vertebrate fossils and fossilized wood (Figs.
10C and 11). Fossiliferous conglomerates also occur
slightly higher in the section in Member “A,” but this is

rare. The conglomerates have a coarse clast size that
ranges from < 1 cm to > 1 m, with a background matrix
that ranges from clayey silts to coarse sands. The
conglomerates often have high iron content, and
complex deposits of hematite (Fig. 12B), including
sheet deposits, are common. The fossilized wood can
either be silicified, carbonaceous, or carbonaceous
undergoing silicification, and it can range in size from
twigs to large tree trunks. The carbonaceous forms
usually have significant sulfur content that is easily
noted by smell when the fossil wood is broken open.
Unlike fossil wood from Quaternary terrace deposits,
when pieces of wood from the basal conglomerates are
left to dry in the laboratory they gradually disintegrate
completely. Local deposits of clay often preserve fossil
leaves as well as wood.

Near the foot of the Andes, the basal conglomerates
of the Madre de Dios Formation comprise a thick
wedge of rock clasts that rapidly thins eastward. The
clasts quickly decrease in size away from the foothills
and are replaced by gravel and then coarse sand
deposits that begin to include clay pebbles and clay
balls. This transition can occur in only a few tens of
kilometers. A classic example of this transition can be
seen in the valley of the Inuya River, southeastern Peru
(Fig. 1), which heads in the lowlands and flows
westward for some distance nearly perpendicular to the
trend of the Andean front range. Cross-bedded channel
deposits of coarse sands are often found lateral to the
conglomerates (Fig. 10A), as are less common deposits
of silts and clays (Fig. 12A).

The Ucayali Unconformity is an undulating surface,
and the basal deposits of Member “A,” particularly the
conglomerates, tend to fill the topographic lows and
provide a more level plain upon which the upper sand
deposits accumulated (Fig. 4D). In areas too high for
the conglomerates to cover, sand deposits of the upper
portion of Member “A” are often seen to follow the
topography (Fig. 12C).

Campbell et al. (1985) named the basal conglom-
erates of the Madre de Dios Formation the Acre
Conglomerate Member of that formation. However,
more than a decade of additional work led us (Campbell
et al., 2000) to recognize that the Acre Conglomerate is
not so much a single horizontal stratum as it is a very
large-scale collection of individual channel deposits
(Figs. 4B, D, 10, 11) and multiple, leading edge deposits
of aggrading series. The latter are perhaps best charac-
terized as deltaic foreset beds developed in shallow-water
environments (see Miall, 1984) (Fig. 4A, C).

The basal conglomerates of the Madre de Dios
Formation have been recognized and described
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throughout lowland Amazonia independently by many
authors. Galvis et al. (1979) and Khobzi et al. (1980)
described the base of the Madre de Dios Formation in
southeastern Colombia as a conglomerate with high iron
content. Maia et al. (1977), in describing the Ica
Formation of central Amazonia, stated that conglomer-
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ates occurred in the basal part of the section, generally in
lenticular form, poorly consolidated, and diminishing in
thickness and clast size toward the center of the basin.
They described the conglomerates as comprising
rounded pebbles of quartz, flintstone and other rocks,
as well as clay-ball conglomerates with clasts ranging in

SLUMP DEBRIS

T T

CLAY-BALL CONGLOMERATE

CHANNEL SANDS

SANDS

UCAYALI
UNCONFORMITY

“RED BEDS”
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Fig. 11. Th