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ABSTRACT

The lack of numerical age dates for upper Cenozoic strata of the Amazon Basin has pre-
vented resolution of its geologic history and accurate dating of important paleofaunas. Here
we present results of magnetostratigraphy and **Ar/*Ar dating of two voleanic ash deposits
from the Madre de Dios Formation of eastern Peru. The two ash ages, 9.01 = 0.28 Ma and
3.12 = 0.02 Ma, provide the first numerical age data necessary for accurate interpretation of
late Tertiary sedimentation in Amazonia and establish approximate time constraints for the
last major cycle of Cenozoic deposition within the southwestern Amazon Basin. The older ash
age also provides a minimum age for numerous Amazonian paleofaunas, which aliows a more
definitive correlation of these palecfaunas with those in other regions of South America.
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INTRODUCTION

The Cenozoic geologic history of the Am-
azon Basin remains controversial: interpreta-
tions of the origin. number. and ages of for-
mations present are quite varied. Several
regionat. pre-Cenozoic subbasins and structur-
al arches add 1o the overall stratigraphic com-
plexity of the basin, and the complete lack of
numerical age dates for any Cenczoic sedi-
mentary deposit within the basin has delayed
resolution of its geclogic history. We present
here results from two YA YAr dates on vol-
canic ash deposits and magnetostratigraphy
from eastern Peru that provide the first chro-
nological anchors for interpreting the upper
Tertiary Amazonian stratigraphy and late Ter-
tiary paleofaunas of southwestern Amazonia.
These resufts have broad application to un-
derstanding the geologic history of Amazonia
if the Amazon Basin functioned as a single
integrated sedimentary basin in the late Ce-
nozoic. as has been proposed. In addition to
facilitating the correlation of some Amazonian
pateofaunas, the older ash age establishes the
fact that at least one North American mammal
was in Scuth America more than 9 m.y. ago.
This alters established interpretations regard-
ing the timing of certain events associated
with the Great American Faunal Interchange.

UPPER CENQZOIC STRATIGRAPHY
OF AMAZONIA

The Amazon Basin is an elevated sedimen-
tary basin in the process of being dissected by
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an entrenched river system. With possible lim-
ited exceptions (Neller et ab. 1992: Dument.
19931, all sediment carried into the basin is
also carried out. although short-term residence
as flood-plain deposits does occur {Mertes et
al.. 1996: Dunne et al.. 1998). Some authors
{Risdnen et al.. 1987. 1990: Dumont. 1993}
have suggested that regional subbasing were
independently and ditferentially tectonically
active in the late Cenozoic and as a conse-
quence geologic formations cannot be corre-
lated among these subbasins. These sugges-
tions remain unsupported by direct geologic
data. however, and we concur with the more
wraditional interpretation wherein two distinct
Cenozoic stratigraphic intervals can be corre-
lated throughout central and westérn Amazon-
ja (Kummel, 1948: Schobbenhaus et al., 1984
Santos. 1974). The lower interval includes a
Paleocene to upper Miocene sequence referred
to as the Red Beds of the Contamana Group
{(Kummel, 1948) (Fig. 1). The formation at the
top of this sequence in Peru is the upper Mio-
cene Ipururo Formation (= Solimdes Forma-
tion, in part, in Brazi} {Schobbenhaus et ai,
1984]). The Ucayali unconformity (Kummel,
1948) separates the clder Tertiary deposits
from the overlying sequence of younger de-
posits referred to in Peru as the Madre de Dios
Formation (Oppenheim, i946) {= [g& For-
mation in Brazil [Schobbenhaus et at.. 1984}).
The moderately to well consolidated, com-
monty faulted, and slighty dipping clay and
mudstone horizons of the Ipururo Formation
are readily distinguished from the unconsotli-
dated. rarely faulted, horizontal sand, silt, and

clay beds of the Madre de Dios Formation in
central and southern Amazonian Peru.

The Ucayali unconformity is an excellent
stratigraphic marker because it is very obvious
and widespread. Theee of us (Campbell. Frail-
ev. and Romero-Pittman} have observed this
unconformity from the foothiils of the Peru-
vian Andes to the Brazilian Shield, throughout
eastern Peru. northern Bolivia, and western
Brazil. On the basis of descriptions by others.
we conclude that it has been identified in well
cores on both sides of the Amazon River
{Maia et al.. 1977) and in eastern Colombia
(Hoorn et al.. 1993). The ubiquity of this un-
conformity and the observed uniformity in the
overlying stratigraphic sequence of the Madre
de Dios Formation are taken as evidence doc-
umenting a common late Cenozoic geologic
history throughout central and weslern
Amazonia.

Although complex intraformational facies
variations among the heterogeneous beds of
unconsolidated clays. silts. and sands of the
Madre de Dios Formation are common. our
field data led us to divide the Madre de Dios
Formation into three informal units (Fig. ).
A basal clay-pebble or clay-ball conglomerate
locally rich in fossil verebrates is typical of
the oldest horizon of the formation. unit A.
This facies was dated to the upper Miocene
{Huayquerian South American Land Mammal
Age [SALMA] or 9-6 Ma) on the basis of its
contained fossil vertebrates (Frailey. 1986}
Others. however. thoughs these fossils could
be older (Chasicoan SALMA, or 12-9 Ma)
tde Broin et al.. [993; Webb, 1993). The top
of the upper horizon, unit C, forms the Am-
aron planalto (Sombroek, 1966). or highest
terra firma, of lowland Amazonia. Recogniz-
able throughout the basin, although extensive-
ly eroded locally, the planalto represents the
upper limit of deposition within the basin. The
middle horizon, unit B. is set off from the oth-
er two by distinctive changes in litholegy that
we interpret as unconformities.

MATERIALS AND METHODS
WA rMAr Dating

Two localized deposits of lithologically dis-
tinetive voleanic ash from within the Madre

@ 2001 Geological Seciety of America. For permission o copy, contact Copyright Clearance Ceater at www.copyrighteom or (978} 750-8400.
Geology; Juty 2001; v. 29; no. 7: p. 595-598: 3 figures: Data Repository item 2001065,

595



Inlormal Name

Age
Thickness

Polarity
Formation

Unit C
5-20m

[
Pliccene

5-25m

T
2

T Units

\ Upper Miocene

10-30m

Red Beds | UnitA

Miocene

High Water

Ucayali
Unconformity

Low Water

Unconsaolidated
Silts and Sands

Unconsolidated
Clays

0B

toderately 1o Weli-
Consclidated Clays

Paleochanne!
Deposits

Acre Conglomerate

E’ “A"Ar Daled Ash

Figure 1. Generalized geologic section representing stratigraphic sequence commonly ob-
served in riverine cutbanks in western and central Amazonia. Approximate, estimated strati-
graphic positions of dated voleanic ashes and paleomagnetic samples shown are based on
relative stratigraphic position in their respective outcrops. Although downcutting of younger

horizons of Madre de Dios Formation throu

gh Ucayali unconformity as depicted here is

theoretically possible, we have never observed downcutting on this scale in western Ama-
zonia. The *"Arf°Ar date on Cocama ash positions is within a zone of normal polarity, al-
though it is within error of reversed chron C4Ar.1r.

de Dios Formation were dated by using *0As/
*Ar techniques: the argon geochronology was
conducied at the New Mexico Geochronology
Research Lahoratory. The Cocama ash. the
older of the two. is a dense, fine-grained ash
~ L5 m thick that crops out over a distance
of ~15 m just upsiream from the mouth of
the Cocama River, a small tributary of the Pu-
rus River (Fig. 2) (10°24'55"S, 71°10°22"W).
The base of this ash is ~4 m above the Uca-
¥ali unconformity. which piaces it stratigraph-
ically within the lower part of unit A of the
Mudre de Dios Formation.

The Piedras ash is a finc-grained ash de-
Posit ~0.5 m thick that crops out over a lateral
distance of ~35 m glong the Las Piedras Riv-
er (1I703°127S. 69°54'06"W) in the same out-
<rop from which the magnetastratigraphic data
were obtained (Fig. 2) (described subsequent-
[¥}. This locality is ~221 km south of the Co-
c4ma ash deposit. The ash came from low in
W Cothe uppermost horizon of the Madre
de Dios Formation. The ash samples were col-
fected from large blocks at the base of the
cliff. directly traceable to the source horizon
above. The ush horizon is overfain by ~5 m
of silts ang cluys that comprise the younger
PAIL of unit ¢ This OUICTOP 5 o cut into a
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mirimally eroded part of the Amazon planal-
10: thus. the top of the section represems the
highest level of Cenozoic deposition in this
part of the basin. For the Piedras ash. both
singfe- and bulk-grain laser-fusion analyses
were conducted.

Minerals were removed from the ash sam-
ples by gentle crushing and dissolution of the
matrix with 15% HF acid. K-feldspars ranging
in diameter from 200 to 250 pm were ob-
tained by heavy-liquid. magnetic, and hand-
picking techniques. Samples were irradiated at
the Texas A&M reactor for 7 h along with
flux-monitor standard Fish Canyon Tuff sani-
dine (27.84 Ma). K-feldspar single and bulk
grains were fused with the CO, laser. and the
extracted gas was cleaned of reactive species
for 2 min by using two SAES GP-30 getters
(~400 aad 20 °C). W filament (~2000 °C),
and a cold trap {—140 °C). Extraction line
blanks plus mass-spectrometer backgrounds
were 1200 3. 0.5, 1.0, and 0.9 X 10-18 mol
for masses 40, 39, 38, 37, and 36. respective-
ly. Argon analyses were conducted with a
MAP-215-50 mass speetrometer operated in
static mode and an overall electron-multiplicr
sensitivity of 8 X 10 "7 mol/pA. Automated
gas handiing. mass spectrometry. and age cal-
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Figure 2. Map showing locations of Cocama
and Piedras ash deposits.

culation were done by using software (Mass
Spec v. 4.92) written by Al Denio. Berkelcy
Geochronelogy Center.

Magnetostratigraphy

For the purpese of determining magneto-
stratigraphy. the lower part of the Madre de
Dios Formation was sampled at the locality on
the Las Piedras River where the Piedras ash
was collected. A series of 33 samples (1]
sites, 3 samples per site} from ~2 m above
the Ucayall unconformity and up through 19
m of section—i.e.. all of unit A--was 1aken.
The outcrop was a vertical cliff: the upper
one-third was inaccessible. and thus sampling
for magnetostratigraphy in units B and C was
not possible. Unit thicknesses couid not be
measured directly, but at this outcrop, unit A
15 ~20 m, unit B is ~3 m, and unit C is ~6
m. The base of unit A was slightly underwater
on this occasion.

The oriented samples were taken as blocks
or, when the sediment was loose. in quariz
glass jars sealed in the field. In the lab. the
quartz glass jars were sealed with Zircar alu-
minum ceramic plugs. The samples were then
analyzed following procedures outlined in
Prothere and Britt (1998}, Orthogenal demag-
netization (Zijderveld) plots of representative
samples showed very little response to AF de-
magnetization and considerabie remanence
above 600 °C. This result demonstrates thal
seme high-coercivity. high-blocking-tempera-
lure mineral, such as hematite, is the primary
carrier of the remanence in most samples. Af-
ter AF demagnetization. most samples showed
a clear stable remunence between 300 and 500
°C. which exhibited either normal or reversed
polarity, This component was summarized by
using the least-squares method of Kirschvink
{1980y and averaged by using Fisher (1953)
statistics,
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Isothermal remanent magnetization (IRM)
acquisition analysis showed that the samples
were not saturated at 300 mT but continued
0 acguire magnetization up o 1300 mT
Again. this result suggests that hematite is the
primary carrier of the remanence. In represen-
tative lithologies, the ARM (anhysteretic rem-
anent magnelization) was more resistant to AF
demagnetization than the IRM, suggesting that
the remanence is held in single-domain or
pseudo-single-dontain grains. Many samples
had an obvious red stain. consistent with this
interpretation.

RESULTS
WA Ar Dating

Laser-fusion ages are arranged in increasing
age order in Figure 3. and a running weighted
mean and MSWD {mean squares of weighted
deviates) are calculated (Table 1'). The youn-
gest population (boxes in Tabie 1) that has an
MSWD value within the 95% confidence win-
dow for n — | degrees of freedom is used as
the best age of the sample.

To determine the age of the Cocama ash. 14
single crystals were analyzed: they yielded la-
ser-fusion ages ranging from 6.0 = 35 to
2i4.3 = 1.0 Ma (Table |: see footnoie 1), The
10 voungest crystals are normally distributed
and define a single population (MSWD = 1.0)
with & calculated weighted mean age of 9.0i
+ 0.28 Ma (Fig. 3A). The older crystals are
thought to be xenocrysts. This date provides
a minimum age for the beginning of deposi-
tion of the Madre de Dios Formation. A pos-
sible source for this ash is the very large Ma-
cusani voleanic field of the Peruvian Eastern
Cordiltera. ~+60 km due south. older deposits
of which have been dated at 9.4 = 0.3 Ma
(Noble et al.. 1984).

The 26 single K-feldspar crystals from the
Piedras ash that were analyzed yielded total
fusion ages ranging from 2.7 to 7.2 Ma (Table
1): these have very high uncertainties because
of the small argon signals associated with the
small crystal size (~200 wm) and young age
(Fig. 3B). The calculated radiogenic yields
range from 72% to 172% and are positively
correlated to the calculated apparent ages (Ta-
ble i: see footnote ). The weighted mean age
calculated from the 26 analyses is 3.92 = 0.24
Ma, with an acceptable MSWD of 1.6 (Table
1). However, the large errors preclude identi-
fication of xenocrysts that might be slightly
ofder than the true eruption age.

The large errors associated with the single-

'GSA Data Repositery item 2001063, Table 1.
tsotopic results for laser-fusion analysis of both
singie- and multiple-crystal samples. is available
on request from Documents Secretary. GSA, PO.
Box 9140, Boulder, CO 80301.9140, editing@
geosociety.org, or al www. geosociety.org/pubs/
ft200L.htm.
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Figure 3. Probabitity distribution diagrams
for OAr/%Ar age results. Individual age re-
sults are shown with 2 o error bars. A: Co-
cama ash—the youngest 10 single crystals
yield weighted mean age of 8.01 = 0.28 Ma,
which is interpreted to be eruption age. B:
Piedras ash—single-crystal results yield
calculated normal distribution, However, an-
alytical error is too high to evaluate exis-
tence of xenocrystic contamination. C: Pie-
dras ash—single-crystal ages calculated by
assuming grains are 100% radiogenic. This
calculation provides maximum age for ash
of 3.30 £ 0.03 Ma; older apparent ages could
be xenocrysts andfor lower radiogenic
grains. D: Piedras ash—age distribution for
bulk-grain analyses. Partly on the basis of
single-crystal resuilts that do not indicate
extensive xenocrystic contamination,
youngest population of bulk fusion ages
(3.12 = 0.02 Ma) is interpreted as eruption
date of this ash.

crystal anzlyses of the Piedras ash are directly
tied to the inability 10 accurately measure Ar
in small crystals. 3®Ar is used 1o determine the
atmospheric correction of the total measured
*OAT Pristine sanidine crystals that are rela-
tively old {older than 1 Ma) are typically high-
ly radiogenic. If a erystal is 100% radicgenic,
the blank corrected A 7Ar measured ratio
will yield the correct age of the sample.

The measured *"ArA2Ar ratio is quite con-

stant for the single crystals from the Piedras
ash (Table 1. see footnote 1), which may in-
dicate that the crystals are of equal age and
have @ constant radiogenic yield, Apparenat
ages for each single erystal were recaleuiated
by assuming that they are 100% radiogenic:
these are plotted in Figure 3C. The youngest
{1 crystals vield a population that falls within
the 93% confidence level for n — 1 degrees
of freedom (Mahon, 1996) and gives a weight-
ed mean age of 3.30 = 0.03 Mua. This non-
atmosphcric-cbrrgcted date is interpreted (o be
a maximum age for the ash sample.

To overcome the low analytical precision
associated with the small argon signals from
the tiny single crystals of the Piedras ash.
groups of ~30--50 grains were fused. The 14
bulk analyses range from ca. 3.1 o 44 Ma
and asre much more precise than the single-
crystal ages (Fig. 3D, Table |: see footnote 1).
The six youngest age resuiis from the bulk
sample fusions are a normally distributed pop-
wlation (MSWD = 2.3) and yield a weighted
mean of 3.12 = 0.02 Ma (Table 1). This age
is similar to the non-atmespheric-corrected
age from the single crystals. and we conclude
that it is the best estimale for the age of the
ash sample. The scatter to older ages for some
of the bulk analyses (Fig. 3D) is thought to be
caused by xenocrystic contamination.

Magnetostratigraphy

The mean for all normal sites was D =
35353.3% 7= —18.3°% &k = 16.0. ags = 11.2: for
reversed sites. D = 200.6° 7 = 169° &k =
14.6, cgs = 24.8. These values are consistent
with the present location of the sampting area.
In addition. the normal and reversed directions
are antipodal within error estimates. This pos-
itive reversal test shows that the directions are
primary and that overprinting has been largely
removed. The three resultant vectors for each
site were averaged. All sites were considered
significant (statistically distinguishable from
random scatter at the 95% confidence inter
val). Results of the magnetic analyses are
shown in Figure 1. We do not regard these
results as the definitive magnetostratigraphy
of unit A because they represent only one
sampling traverse and the site spacing was
coarse.

The lower two sample sites, positioned
stratigraphically just below or overlapping the
Cocama ash, have reversed magnetic polarity,
whereas the remainder are normal. Reversed
chron C4Arlr extends from 9.025 to 9.230
Ma (Berggren et al., 1995). which is within
error of the 9.01 * 0.28 Ma A/ ?Ar date
for the Cocama ash. Thus, these results are
consistent with that date.

DISCUSSION
It is not possible to document the geologic
history of a region as vast as the Amazon Ba-
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sin on the basis of *PArAYAr results from only
two geographically isolated ash deposits and
one small series of magnetostratigraphic data.
Nonetheless. these results do provide approx-
imate time constraints for the kst major cvele
of Cenozoic deposition within the southwest-
ern Amarzon Basin. It should also be noted
that our data from southwestern Amazonia
correspond fairly closely to the age estimates
for corresponding strata above the Ucayali un-
conformity given by Heora et al. {1995) for
northwestern Amazonia. This correspondence
supports the interpretation that the Amazon
Basin was a single depositional basin in the
late Cenozoic and that the capping strata with-
in the basin are age equivalents.

The Y*Ar/*Ar date on the Cocama ash cor-
roborates the late Miocene age assignment for
the paleofaunas from the basal conglomerates
of the Madre de Dios Formation (Frailey,
1586: de Broin et al.. 1993: Webb. 1995},
which lie above the Ucayali unconformity but
stratigraphicaily below the Cocama ash. These
paleofaunas are commonly rick and highly di-
verse. including specimens of all veniebrate
classes (Frailey. 1986: de Broin et al.. 1993;
Webb. 1995: Simpson and Pauia Couto,
1981). Their minimum age established. these
paleofaunas can now be correlated with those
of other parts of South America with more
precision.

The Ar/*9Ar date on the Cocama ash also
corroborates the preliminary late Miocene age
assignment for Amahuacatherium peruviam
(Romero-P., 1996} a tusked. brevirosirine
comphothere found in situ as a partial, artic-
vlated skeleton below the Ucayali unconfor-
mity in southeastern Peru (Frailey et al,
19973 From the fact that the Cocama ash lies
~4 m above the Ucayali unconformity. we cs-
timate that this specimen of Amahuacatherium
peruvium dates o at least 9.5 Ma, although it
may he considerably clder. This record is of
some note because proboscideans were not
previously thought to have arrived in South
America from Central America until 2.0-1.9
Ma (Marshall. 1985).

Although the date of 3.12 = 0.02 Ma (Table
1) from the Piedras ash marks a period near
the end of the cycle of deposizion that formed
the Madre de Dios Formation, most of unit C
wus deposited after the ash herizon. Consid-
ering the amount and type of sediment accu-
mulation after deposition of the Piedras ash.
we estinuite that deposition of the Madre de
Dios Formation continued for some time, per-
haps until the middle late Pliocene (ca. 2.5
M. Bmay be possible 10 corroborate this age
estimate through the use of magnetostrati-
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graphic data from the upper parts of the Madre
de Dios Formation.
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