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1 | INTRODUCTION

Abstract

Biostratigraphic, sedimentological and provenance analyses suggest that a proto-
Andean Cordillera already existed in southern Peru by late Maastrichtian—late
Palaeocene times. A 270-m-thick stratigraphic section shows changes in depositional
environments from shallow marine (early Maastrichtian) to non-marine (late Maas-
trichtian) then back to estuarine (late Palaeocene) conditions. An erosional surface
separates lower Maastrichtian from upper Maastrichtian deposits. Above this sur-
face, the late Maastrichtian unit exhibits moderately developed palaeosols and syn-
sedimentary normal faults. The sedimentary evolution is accompanied by a decrease
in sedimentation rate and by changes in provenance. Shallow marine lower Maas-
trichtian deposits have a cratonic provenance as shown by their low ¢éNd(0) values
(—15 to —16) and the presence of Precambrian inherited zircon grains. The upper
Maastrichtian deposits have a mixed Andean and cratonic origin with eNd(0) values
of ~12.6 and vyield the first Cretaceous and Permo-Triassic zircon grains. Estuarine
to shallow marine upper Palaeocene deposits have an Andean dominant source as
attested by higher ¢Nd(0) values (—6 to —10) and by the presence of Palaeozoic
and Late Cretaceous zircon grains. The changes in depositional environments and
sedimentation rates, as well as the shift in detrital provenance, are consistent with a
late Maastrichtian—late Palaeocene period of Andean mountain building. In agree-
ment with recently published studies, our data suggest that an Andean retroarc

foreland basin was active by late Maastrichtian—late Palaeocene times.

foreland basin initiated during late Cretaceous or Palaeocene times
(DeCelles, Carrapa, Horton, & Gehrels, 2011; DeCelles & Horton,

Dating the onset of early Andean mountain building and the coeval
formation of the adjacent Andean retroarc foreland basin is of prime
interest for understanding the potential role of Andean mountain
building in the Cenozoic climate cooling trend. Many studies in
Argentina, Bolivia and Colombia suggest that the Andean retroarc

2003; Di Giulio et al., 2012; Horton, Hampton, & Waanders, 2001;
Nie et al., 2010; Parra, Mora, Lopez, Rojas, & Horton, 2012; Roddaz
et al., 2010; Sempéré et al., 1997). However, such studies are lacking
for the Peruvian Andes and the adjacent Amazonian retroarc fore-
land basin. This is partly because obtaining unequivocal evidence of
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pre-Neogene Andean shortening is difficult due to the overprinting
by younger cratonward advancing deformation and magmatism. One
way to constrain the timing of tectonic growth of the Andes is to
precisely constrain the first arrival of orogenic-derived detritus in the
sedimentary record of the adjacent foreland basin as has been done
in the Himalayas (e.g. Hu, Garzanti, Moore, & Raffi, 2015; Zhuang
et al., 2015) and in the Colombian Andes (Horton, Parra, et al., 2010,
Horton, Saylor, et al.,, 2010). Hence, dating the shift in provenance
from a cratonic to an orogenic source in the Amazonian retroarc
foreland basin is of particular interest for determining the timing of
the onset of Andean mountain building.

In this study, we provide new biostratigraphic, sedimentological
and provenance data to constrain the spatial and chronologic evolu-
tion of the southern Peruvian Madre de Dios foreland basin between
Maastrichtian and late Palaeocene time. This data set indicates that
the Amazonian retroarc foreland basin recorded a late Maastrichtian-

late Palaeocene period of Andean mountain building.

2 | BIOSTRATIGRAPHY AND
SEDIMENTOLOGY

We characterized the biostratigraphy and depositional environments
of a 270-m-thick section of late Cretaceous to late Palaeocene strata
exposed in the Madre de Dios Subandean zone (Figure 1a) based on
field observations, facies description and the identification of paly-
nomorphs, microfossils and macrofossils at the Naturalis (Leiden, the
Netherlands), ISEM (Montpellier, France) and Smithsonian Tropical
Research Institute (Panama) laboratories. Detailed sedimentological,
palaeontological and palynological descriptions as well as some
photographs can be found in the Data Repository.

The lowermost 165 m of the sedimentary section have a late Cam-
panian-early Maastrichtian range (outcrops MD 175 to MD 239 in Fig-
ure 1b). MD 175 is late Campanian in age and its palaeontological
content further points to a restricted shallow marine environment
(Supplementary Data). Above MD 175, reddish shales and palaeosol
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horizons (25-70 m) together with the fossil content of MD 238 indi-
cate an evolution towards a more coastal environment (fluvio-tidal
coastal plain). Further up-section, finer-grained blue marls and their
palaeontological content (MD 239) reflect a shift to more shallow mar-
ine environments. These blue marls pass gradually upwards to verti-
cally stacked 50-cm-thick beds of fine- to medium-grained sandstones
(~50 m, 115-165 m) interpreted as tidal compound dunes. Calculated
sedimentation rates for the late Campanian early Maastrichtian inter-
val are 120-127 m/Myr (see details in the Data Repository).

Upper Maastrichtian deposits are 40 m thick (165-205 m; Fig-
ure 1). The fossil assemblages (samples MD 176 and MD 82=60)
indicate a coastal environment with normal salinity (diverse euhaline
ichthyofaunas) and continental input (including charophyte oogonia,
see Table S2). The lowermost 5 m of the succession consists of
reworked material cut by a major erosional surface, overlain by 25 m
of thick reddish shales and moderately developed filamentous to
nodular carbonate palaeosol horizons. Sediments located above the
erosional surface are thus interpreted to be late Maastrichtian strata
deposited in a coastal environment that suffered a later subaerial
emersion. Further up-section are various 20-cm-thick silty-to-sandy
packages alternating with reddish shale. The section evolves upward
into breccia levels and channelized coarse- to very-coarse-grained
sandstone beds (195-200 m). Upper Maastrichtian strata are
deformed by two sets of syn-sedimentary normal faults (average
azimuth directions of 171° [family 1] and 354° [family 2] and an
average dip of 42°). Late Maastrichtian sedimentation rates were
22-62 m/Myr (see details in the Data Repository).

Above these upper Maastrichtian deposits is a 60-m-thick miss-
ing interval of upper Maastrichtian to lower Palaeocene deposits.
The lower Palaeocene section (265 290 m) corresponds to estuarine
deposits (Facies Association C; Louterbach et al., 2014). Late Palaeo-
cene sedimentation rates range from 3 (non-deposition/erosion) to
31 m/Myr.

Overall, the lower Campanian to lower Palaeocene sedimentary
section is a 270-m-thick condensed section corresponding to
~20 Myr and showing sedimentation rates decreasing from ~124 to
~15 m/Myr. These rates are similar to those calculated for similar
backbulge to forebulge depozones in Bolivia (Uba, Heubeck, &
Hulka, 2006) and Argentina (DeCelles et al., 2011).

3 | PROVENANCE

The major and trace element concentrations and Sr-Nd isotopic
composition of selected fine-grained sedimentary rocks (siltstones
and mudstones) and zircon U-Pb dating on selected sandstones
were used to determine the provenance of the lower Maastrichtian
to lower Palaeocene sedimentary succession. Descriptions of sam-
ples, processing and analyses as well as detailed results (mineralogy,
major and trace element concentrations, Sr—Nd isotopic composi-
tions and U-Pb ages) are provided in the Data Repository.

The mineralogy of the lower Maastrichtian sample is dominated
by kaolinite, a mineral that also characterizes the present-day
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mineralogy of cratonic Amazonian river sediments (Guyot et al.,
2007). It has a lower Cr/Th ratio (3.5), higher Th/Sc (1.12) and a
more negative Eu anomaly (0.62) than Post-Archaean Australian
Shale (McLennan, 2001). Early Maastrichtian deposits are character-
ized by very negative ¢éNd(0) values lower than —12.7 (-16.4 to
—13.9), which are typical for cratonic sedimentary rocks (Nie et al.,
2012). They have similar Nd-Sr isotopic composition to the cratonic
White Sands Formation (Roddaz, Viers, Brusset, Baby, & Hérail,
2005; Figure 2), further supporting the hypothesis of a cratonic ori-
gin. Additional information can be gained from U-Pb ages (Fig-
ure 3b). The early Maastrichtian sample has no zircon grains younger
than 500 Ma. Main peaks occur at 1.54-1.3 Ga (29.7%), 1.8-
1.54 Ga (23.0%) and 1.3-0.9 Ga (21.6%), with minor peaks at 0.7—
0.5 Ga (13.5%), 2-1.8 Ga (8.1%) and >2 Ga (4.1%). Zircon popula-
tions with age intervals of 2-1.8 Ga and 1.3-0.9 Ga could be
derived from the Western Cordillera, as the Ventuari Tapajos and
Sunsas cycles are recorded in the Arequipa Massif, southern Peru
(see Figure 3a for locations of the diverse provinces) (Bahlburg, Ver-
voort, DuFrane, Bock, & Augustsson, 2009). However, Rio Negro-
Jurunena (1.8-1.55 Ga) and Rondonia-San Ignacio (1.55-1.3 Ga)
U-Pb age populations cannot be sourced from the west, as they
occur neither in the Arequipa Massif nor in the early Cretaceous
Muni Formation (Altiplano-Eastern Cordillera; Perez & Horton,
2014). In addition, a western contribution of the nascent Andes
would require the presence of Permo-Triassic and Late Cretaceous
U-Pb age populations, such as those observed in the early Creta-
ceous Muni Formation (Perez & Horton, 2014). Instead, similar con-
tributions from the Rio Negro-Jurunena (1.8-1.55 Ga), Rondonia-San
Ignacio (1.55-1.3 Ga) and Sunsas (1.3-0.9 Ga) provinces and a minor
contribution from the Ventuari Tapajos Mobile Belt (2-1.8 Ga)
require an eastern source from the Amazon craton. There is no obvi-

ous source in the Central Peruvian Andes for the 0.7-0.5 Ga zircons
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(a) Map of South America illustrating the major tectonic provinces and the ages of their most recent metamorphic events,

adapted from Chew et al. (2008), Chew et al. (2011), Bahlburg et al., (2009) and Reimann et al. (2010). (b) U-Pb age histograms (grey bars) and
probability density functions (black bold curves) of detrital zircons. Cratonic and Andean age domains are taken from Chew et al. (2008),
Bahlburg et al. (2009) and Perez and Horton (2014). A total of 74 grains were dated for the Early Maastrichtian (MD 239), 169 grains were
dated for the late Maastrichtian (MD 176), and 197 grains were dated for the late Palaeocene (samples MD 85, MD 177, MD 255 and MD
256). U-Pb ages can be found in the supplementary dataset. C: Sketch showing the possible evolution of the southern Amazonian retroarc
foreland basin from early Maastrichtian to late Palaeocene times. Sedimentary sources are either Andean or cratonic. Modified from DeCelles
and Horton (2003). See text for details [Colour figure can be viewed at wileyonlinelibrary.com]

(Bahlburg et al., 2011; Chew et al., 2008). Hence, following the
hypothesis assumed by Chew et al,, the 0.7-0.5 Ga zircons could
have come either from a Brazilian magmatic arc now buried beneath
the present Amazon foreland basin or from the north-south-trending
Brasilia Belt located eastward.

The Upper Maastrichtian sample shows an increase in quartz
content and a strong decrease in kaolinite content. It has similar Cr/
Th and Th/Sc ratios, Eu anomaly and Sr isotopic composition to the
early Maastrichtian sample, but less negative eNd(0) values (~—12.6;
Figure 2). The upper Maastrichtian sample has a similar Nd-Sr iso-
topic composition to Neogene sediments in the South Amazonian
Foreland Basin (Roddaz et al., 2005), thus indicating a similar prove-
nance. In addition, this eNd(0) value is below the &Nd(0) cut-off
value of —12.7 that has been used to distinguish between Andean-
and Cratonic-derived sedimentary rocks (Nie et al., 2012). The upper
Maastrichtian sample shows the first appearance of Cretaceous
(0.6%) and Permian (0.6%) zircons. It displays two main peaks at
1.55-1.3 Ga (52.7%) and 1.3-0.9 Ga (27.8%) and a minor peak at
0.7-0.5 Ga (7.1%) (Figure 3b). Zircon grains older than 1.55 Ga
account for 11.3% of the population ages. Together with the Nd
isotopic composition, the first appearance of Cretaceous and Per-
mian zircons suggests minor Western Andean contributions from
the late Permian—Jurassic rift magmatism (Sempéré et al., 2002) and
from the Chocolate magmatic arc located in the Peruvian Western
Cordillera (Mamani, Worner, & Sempéré, 2010). Dominant contribu-
tions from the Rondonia-San Ignacio and Sunsa provinces and
diminution of the contribution from an easternmost cratonic source
suggest drainage reorganization with contribution from more local

sources.

Lower Palaeocene samples are characterized by the appearance
of chlorite. They have lower Eu anomalies (0.67-0.76) and lower
Th/Sc ratios (0.48-0.80) than those of Maastrichtian sedimentary
rocks. They also have less negative ¢Nd(0) values (—10.7 to —6.2)
and less radiogenic Sr isotope compositions (between 0.712024
and 0.7190) (Figure 2). The mica—chlorite assemblage characterizes
the mineralogy of present-day Andean river sediments (Guyot
et al, 2007). Together with low-Eu anomalies and Th/Sc ratios,
these results suggest a more abundant input of volcanic detritus in
the upper Palaeocene samples compared to the Maastrichtian sam-
ples. In Figure 2, the upper Palaeocene samples plot closer to the
volcanic arc end-member when compared to the Maastrichtian
samples, thus indicating a greater contribution of the Andean mag-
matic arc. An Andean source is further confirmed by the U-Pb
detrital age spectrum (Figure 3b), which shows an increase in the
late Permian—Jurassic rift magmatism (15.7% of U-Pb ages) and in
Late Cretaceous zircons (5.1%) probably sourced from the Choco-
late magmatic arc (Mamani et al., 2010). In this way, Famantinian-
aged zircon grains (4.1%) are probably sourced from Palaeozoic
shales of the Eastern Cordillera and Altiplano (Reimann et al.,
2010). Other peaks are at 1.3-0.9 Ga (32.0%) and 0.7-0.5 Ga
(17.3%).

4 | DISCUSSION AND CONCLUSIONS

The shallow marine depositional environment, low-sedimentation
rates and large-scale cratonic palaeodrainage during the late Campa-
nian—early Maastrichtian suggest deposition in a low accommodation
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setting, in agreement with a backbulge or intracratonic setting (Fig-
ure 3c). As early Cretaceous Altiplano and Eastern Cordillera sedi-
mentary rocks already had an Andean contribution (Permo-Triassic
and Cretaceous U-Pb age populations; Perez & Horton, 2014), a
palaeogeographic barrier preventing the arrival of western Andean-
derived detritus probably existed west of the study area by early
Maastrichtian times. This topographic barrier might have been
formed in response to forebulge flexural uplift due to early Maas-
trichtian Andean tectonic loading. If correct, coeval upper Campa-
nian-Maastrichtian fluvial conglomerates of the Sicuani-Cuzco basin
(Jaillard, 1993) located west of the study area could have constituted
the wedge-top deposits of the southern Amazonian retroarc foreland
basin system. However, in the absence of detailed basin studies of
lower Maastrichtian sedimentary rocks located in the northern Alti-
plano, it is not possible to fully assess the existence of an early
Maastrichtian retroarc foreland basin system in the Central Andes.
Upper Maastrichtian deposits are separated from lower Maas-
trichtian deposits by a subaerial erosive surface, associated with a
change in depositional environment from shallow marine to non-
marine. This change could be ascribed to the global sea-level fall in
the late Maastrichtian (Haqg, Hardenbol, & Vail, 1987). However, this
cannot explain the presence of syn-sedimentary normal faults and
changes in provenance. Syn-sedimentary normal faults associated
with the development of palaeosol horizons suggest tectonic-
induced emersion that could be related to forebulge uplift (DeCelles
et al., 2011; Singh, 2003). A shift towards less negative ¢éNd(0) val-
ues indicates a contribution from more juvenile Andean sources such
as the magmatic arc and Palaeozoic sedimentary rocks. The first
appearance of Cretaceous and Permian zircons further suggests that
both the magmatic arc and Permian sedimentary rocks contributed
to source the upper Maastrichtian sedimentary rocks. We interpret
this result as evidence of an Andean orogenic source. However, the
contribution of this source is minor, and the dominant source
remains cratonic. Finally, the contribution of the Andean orogenic
source increased strongly in the late Palaeocene interval, as attested
by the higher percentage of Cretaceous and Permian zircons (47.2%)
and by the lower ¢Nd(0) values of analysed sedimentary rocks when
compared to Maastrichtian sedimentary rocks. The increasing contri-
bution of Andean orogenic sources associated with tectonic-loading-
controlled shallow marine transgression (Louterbach et al., 2014)
indicates that Andean mountain building was ongoing in late Palaeo-
cene times. To conclude, our data suggest a minimum late Maas-
trichtian age for the onset of the Amazonian retroarc foreland basin
system. Our data also suggest that no topographic barrier, and hence
forebulge, existed at the present-day locus of the Eastern Cordillera
(between the Altiplano and the SAZ), contrary to the findings of Car-
lotto (2013). Together with previous studies in Colombia (Nie et al.,
2010; Parra et al., 2012), Bolivia (Sempéré et al., 1997) and Argen-
tina (Di Giulio et al., 2012), our data suggest that the erosion of the
Andean mountain belt may have started in the late Cretaceous and
especially that the Andean retroarc foreland basin system was active
by late Maastrichtian-late Palaeocene times in response to Andean
Cordillera loading.
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